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ABSTRACT 
 
Natalie Siu-Eng The: The development of young adult obesity and its role on diabetes 
(Under the direction of Penny Gordon-Larsen, PhD) 
Given the numerous medical and economic consequences of obesity, a better 
understanding of its etiology is needed for effective prevention.  Notably, there has been 
relatively little research documenting the natural progression of obesity using a life course 
approach.  It is unknown whether obesity is a result of exposures during sensitive periods of 
the life course that act independently and/or cumulatively to influence adult health.  In fact, 
much of the knowledge regarding determinants of obesity has emerged from studies that 
examine how factors relate to disease risk during the same period.  Given evidence that the 
prevention of obesity can reduce the burden of chronic conditions, research using a life 
course approach is warranted.  
Our research utilizes a life course approach to understand the development of obesity 
and diabetes.  Specifically, we examine the associations between (1) birthweight and obesity 
in adolescence and adulthood, (2) adolescent obesity and risk of severe obesity in adulthood, 
and (3) the effect of obesity timing and duration on diabetes in adulthood.  These analyses 
were conducted using the National Longitudinal Study of Adolescent Health, a nationally 
representative cohort of over 20,000 adolescents followed over 14 years into young 
adulthood.  
To disentangle genetic versus environmental factors underlying the relationship 
between birthweight and obesity, we used a traditional cohort and a subsample of matched 
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full-sibling and twins. We observed that birthweight is an important determinant of 
adolescent/adulthood obesity with interesting nuances by sex and sibling type.  Our findings 
suggest that obese adolescents are at higher risk for becoming severely obese in adulthood 
than normal weight adolescents, with highest risk in black females.  Lastly, we demonstrate 
important consequences of adolescent obesity and persistence of obesity on diabetes risk.   
In summary, this research makes significant contributions to the field by using a life 
course approach.  Further, our research underscores the need to prevent the development of 
obesity prior to adolescence.   
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I. INTRODUCTION 
A. BACKGROUND 
Obesity is one of the major public health problems facing the United States (U.S.) 
today, affecting one third of all individuals though it is disproportionately more common 
among certain race/ethnic minorities.  The medical and economic consequences of obesity 
are numerous and significant, highlighting the need to better understand its etiology and to 
translate research findings into prevention efforts. 
While there is evidence that the prevention of obesity can reduce the burden of 
several chronic diseases, the complex and multi-factorial nature of obesity makes prevention 
efforts challenging.  In particular, there has been relatively little research documenting the 
natural progression of obesity using a life course approach.  This conceptual framework 
suggests that obesity (and other chronic diseases [e.g. diabetes]) is a result of exposures 
during sensitive periods of the life cycle, which may work independently and/or cumulatively 
to influence adult health.  Despite this framework, much of the knowledge regarding 
determinants of obesity has emerged from studies that examine how factors relate to disease 
risk during the same period (e.g. adulthood, childhood).  A life course approach could shed 
new light on important periods for obesity intervention.   
Research has chronicled the multi-factorial nature of obesity, noting both prenatal and 
postnatal influences.  Mounting evidence that suggests that `birthweight (BW), an indicator 
of prenatal nutrition and growth, is associated with childhood and adulthood obesity; 
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however, the pathways underlying this relationship remain unclear.  Studies of twins offer an 
opportunity to better understand the causal pathway underlying this relationship, as they 
provide control for confounding factors that are typically unmeasured or poorly measured in 
traditional cohort studies.  Findings from twin studies have been mixed, thus, warranting 
further investigations.   
In addition to birthweight, adolescent weight may be an important predictor of later 
obesity. Previous studies show that adolescent obesity persists and tracks into adulthood; 
however, less is known about how earlier weight status influences future development of 
severe obesity. Most epidemiological research on severe obesity comes from repeated cross-
sections, which are not well-suited to understand natural history of adolescent weight gain 
and how earlier weight status predicts severe obesity onset.  Given that severe obesity is 
associated with worse complications than moderate obesity, understanding its development 
and the ages it is most likely to occur is needed for effective secondary prevention.   
Notably, the transition from adolescence to young adulthood is a sensitive period for 
weight gain.  Obesity during this period may increase the future risk of diabetes, beyond 
contemporaneous obesity.  Adolescence may be a sensitive period given the substantial 
decreases in insulin sensitivity associated with pubertal development; obesity during this 
time period may further alter insulin metabolism, which may increase the risk of future 
diabetes.  Alternatively, individuals who become obese during adolescence may be obese for 
longer durations, which may increase the likelihood that pancreatic β-cells will no longer be 
able to sufficiently compensate for decreased insulin sensitivity.  These changes may 
ultimately lead to the development of hyperglycemia and diabetes.  However, epidemiologic 
evidence regarding the effect of obesity duration on diabetes risk has yielded inconsistent 
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results.  A better understanding of the relationship between timing and duration of obesity 
with diabetes risk is needed to determine the important periods for diabetes prevention.   
The overall objective of this dissertation research is to improve understanding of the 
development of obesity in young adults and determine how obesity during the transition from 
adolescence to adulthood influences diabetes.  In particular, this research fills important gaps 
by using a life course perspective to study obesity and diabetes to identify persons at 
increased risk for these diseases, and help shed light on periods that may be most valuable for 
prevention efforts.  Analyses were conducted using data from the National Longitudinal 
Study of Adolescent Health (Add Health), a nationally representative, ethnically diverse 
longitudinal cohort of 20,774 adolescents followed over 15 years into adulthood.  No other 
dataset boasts the race/ethnic diversity or biomarker data across the critical period between 
adolescence and young adulthood – all necessary components to achieve the proposed study 
aims.   
B. SPECIFIC AIMS 
The overarching goals of this research were to use a life course approach to (1) 
improve our understanding of the development of obesity in young adults and (2) determine 
the influence of adolescent onset obesity and obesity persistence from adolescence to 
adulthood on diabetes prevalence in adulthood in a racially and ethnically diverse cohort. We 
achieved these goals through the following aims: 
1)  Determine the association between birthweight and later body size in a traditional 
cohort and a subsample of full-sibling and twin pairs.   
To disentangle genetic versus environmental factors underlying the relationship between 
birthweight and obesity, we used data from a traditional cohort and a subsample of full-
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sibling and twin pairs.  In the full cohort, we used multivariate, longitudinal poisson 
regression to determine risk of obesity based on birthweight, hypothesizing that individuals 
of high (versus normal) birthweight would be more likely obese in later life.  In the full-
sibling and twin pair subsample, we determined the association between birthweight 
difference and body mass index (BMI) difference using a within-pairs difference method, 
hypothesizing that the heavier birthweight sibling would be heavier during adolescence and 
young adulthood.   
2)   Examine how adolescent obesity relates to risk of severe obesity in adulthood and to 
determine the ages at which risk of incident severe obesity is highest.   
We used discrete time hazard regressions to determine future risk of severe obesity based on 
adolescent weight status.  Further, we were interested in determining when during adulthood 
the risk of severe obesity incidence is highest as a function of adolescent weight status. We 
hypothesized that obese adolescents would be significantly more likely than normal weight 
or overweight adolescents to develop severe obesity in adulthood, with variation in risk by 
sex and race/ethnicity.  Given obesity disparities between white and black females, we 
hypothesized highest risk of adult severe obesity among black females who were obese 
during adolescence.  Black females may be at higher risk for severe obesity, given that age-
related BMI increases are larger in black females than white.  
3)  Determine the separate associations of timing and duration of obesity from 
adolescence to adulthood with diabetes in adulthood.   
To determine whether obesity during adolescence influences development for future 
diabetes, I used logistic regression models to determine the likelihood of diabetes in 
adulthood based on timing of obesity  onset (adolescent versus adulthood), hypothesizing 
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that independent of current size, individuals who were obese during adolescence- (versus 
adulthood-) would be more likely to have diabetes in adulthood.  Second, we used logistic 
regression models to determine the likelihood of diabetes based on obesity duration, 
hypothesizing that individuals with persistent obesity across adolescence and adulthood 
would be more likely than individuals with incident obesity over the same period and those 
who were never obese to have diabetes.  
 
 
 
  
 
 
II. LITERATURE REVIEW 
A. OBESITY PREVALENCE 
Obesity, defined as body mass index (BMI)≥30 kilograms (kg)/meters (m)2 or 
BMI≥95th percentile of the age-and sex-specific Centers for Disease Control and Prevention 
(CDC) growth charts, affects one third of all individuals in the U.S. [1], though is 
disproportionately more common among certain race/ethnic minorities [1-6].  Notably, in 
females, 49.6% of blacks and 45.1% of Mexican Americans are obese in comparison to 
33.0% of whites [1].  Obesity is associated with numerous adverse health outcomes including 
mortality and morbidity from diabetes, hypertension, dyslipidemia, stroke, coronary heart 
disease and certain cancers [7-11].  There are substantial indirect and direct costs, with an 
estimated 2.8% of total US health care costs are attributed to obesity alone [12].  Given the 
recent epidemic of obesity, and its adverse health and economic consequences, there is a 
critical need to address obesity.  
SEVERE OBESITY  
Severe obesity, defined as BMI≥40 or BMI≥120% of 95th percentile of the age-and 
sex-specific CDC growth charts,  has also risen substantially [13-17], and appears to be rising 
at a faster rate than moderate obesity [16].  In 2000, 2.2% of American adults [13], or 4.8 
million individuals, were estimated to be severely obese [18, 19], but there is significant 
variation by sex and race/ethnicity [13, 14, 17].  Medical consequences of obesity are more 
common among individuals with severe obesity [20], and thus, the total medical costs are 
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approximately 50% higher in individuals with severe obesity compared to those with 
moderate obesity [19].  Further, there are few reasonably affordable and successful treatment 
options for severe obesity [21-23], emphasizing the need for effective prevention measures.   
B. THE IMPORTANCE OF A LIFE COURSE APPROACH FOR 
UNDERSTANDING CHRONIC DISEASE RISK 
Increasingly, researchers are advocating for a life course approach for understanding 
chronic disease risk [31-32].  The life course framework postulates that adult onset obesity-
related diseases are a result of exposures during gestation, childhood, adolescence, and early 
adult life [24].  These exposures may work independently and/or cumulatively over the life 
course increasing the risk for later disease [24].  Despite this conceptual framework, much of 
the knowledge regarding the determinants of obesity and diabetes have emerged from studies 
that examine how factors relate to disease risk during the same period (e.g. adulthood, 
childhood).  While these studies have provided substantial information about the etiology of 
obesity and diabetes, their study designs and analytic methods largely ignore the temporal 
relationship between the exposure and outcome, which is essential to inform preventive 
efforts.  Given the long latency periods of obesity-related diseases, a life course approach is 
essential to enhance understanding of disease development [31-32].  In particular, the 
transition from adolescence to young adulthood may be a particularly relevant and sensitive 
period for the development of obesity [12, 33].  Yet, there are few longitudinal studies that 
capture risk factors over this period life course. 
C. BIRTHWEIGHT AND OBESITY 
Early life factors, such as intrauterine growth, have been shown to contribute to the 
development of obesity [25, 26].  There is mounting evidence that suggests birthweight, an 
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indicator of prenatal nutrition and/or growth, is associated with childhood and adult obesity 
[27-36].  Most cohort studies report a positive association, while others observe U-shaped or 
null associations [29-37].   
 While the direction of the association remains unclear, evidence suggests that in 
utero determinants of birthweight may result in metabolic adaptations that program the fetus 
for increased risk of later disease.  However, little is understood about which factors within 
the intrauterine environment are responsible for these associations, though some researchers 
suggest that environmental and/or genetic factors may underlie the association between 
birthweight and size later in life [38].  One hypothesis suggests that individuals who 
experience an adverse intrauterine environment may metabolically and physiologically adapt 
to enhance survival early in life [39, 40]; however, these adaptations may increase the risk of 
later obesity in an obesogenic postnatal environment.  In addition, intrauterine exposure to 
excess glucose via gestational diabetes and/or over-nutrition may increase fetal insulin 
production, change pancreatic and brain development, resulting in increased birth size and 
altered post-natal body composition [41-44].  Alternatively, a common genotype may 
influence both birthweight and later obesity [45] or individuals who are larger at birth may 
track in size over the life course and continue to be larger in childhood and adulthood.  The 
complex independent and joint influence of intrauterine environmental and genetic factors on 
later size remains poorly understood.   
TWIN STUDIES ENHANCES OUR UNDERSTANDING OF THE BIRTHWEIGHT – OBESITY 
RELATIONSHIP 
Critics of the developmental origins of adult disease hypothesis argue that the 
relationship between early life factors and later disease may not be causal, but related to other 
factors such as differences in postnatal environment, or confounding by socioeconomic status 
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(SES) or genetic factors [46, 47].  Studies of twins offer an opportunity to better understand 
the causal pathway underlying this relationship as they provide control for environmental and 
genetic factors that are typically unmeasured in traditional cohort studies [38, 48-52].  In 
general, full-siblings share genetics and maternal environments in contrast to unrelated 
individuals in cohort studies [38, 48-52].  Additionally, twins have identical gestational age 
and equally share certain maternal exposures (e.g. maternal age or socioeconomic status).  
Further, monozygotic twins are genetically identical [38, 48-52].  Thus, differences in 
birthweight within sibling and twin pairs are not likely due to these shared influences, but 
rather to factors influencing the growth of each individual [50].  Comparisons within full-
sibling and twin pairs can shed light on genetic and environmental influences of the 
association between birthweight and later size.  Findings from twin studies are inconsistent 
and dominated by data from Caucasian populations [27, 28, 53-58].  Thus, there is a great 
need for additional studies that provide findings in a racially/ethnically diverse sample. 
In sum, a greater understanding of how birthweight influences later size and obesity 
in racially/ethnically diverse populations is needed.  If birthweight is strongly related to 
obesity, these results can focus obesity prevention efforts on factors influencing birthweight, 
such as maternal pre-pregnancy BMI, gestational diabetes, and gestational weight gain.   
D. NATURAL PROGRESSION OF SEVERE OBESITY 
The natural progression of weight patterns of over the life course is not well 
documented.  The few longitudinal studies regarding natural history of weight gain find that 
the transition from adolescence to young adulthood is associated with a doubling of obesity 
and an average weight gain of 12.91kg [5]. Obesity onset significantly varies by sex and 
race/ethnicity with black females becoming obese twice as fast as white women [59].  
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Further, black females have been shown to have significantly higher BMI changes between 
childhood and adulthood [60].   
While these studies have documented the natural history of obesity, there are no 
known studies documenting the natural history of severe obesity or how adolescent obesity 
predicts future severe obesity risk.  Most epidemiological research on severe obesity comes 
from repeated cross-sections, such as the National Health and Nutrition Examination Survey 
(NHANES) [1, 14, 17], or from databases using self-reported height and weight, such as the 
Behavioral Risk Factor Surveillance System (BRFSS) [13, 15, 16]. Such sources are 
adequate for identifying secular trends but are not well-suited to understand natural history of 
adolescent weight gain and how earlier weight status predicts severe obesity onset.  In 
particular, large, prospective cohort studies are needed to capture changes in weight and to 
capture the age range during which severe obesity becomes most prevalent.  Such knowledge 
will inform the ideal time points for intervention.   
E. DIABETES IS A PUBLIC HEALTH PROBLEM 
The prevalence of diabetes has risen substantially over the last few decades, and now 
affects 24 million Americans [61].  Approximately, one fifth of individuals with diabetes are 
undiagnosed [61], however, this proportion might be higher in younger populations (whose 
physicians are not screening for diabetes) and/or race/ethnic minorities (who may have less 
access to health care).  While individuals of all groups are affected by diabetes, T2D 
disproportionately affects race/ethnic minorities, with blacks and Hispanics having higher 
rates than whites [62, 63]. The disease is associated with increased rates of mortality [64] and 
morbidity from neuropathy, retinopathy, nephropathy, and cardiovascular disease [65, 66].  
In 2007, the total cost of diabetes was estimated to be $174 billion [67] and this economic 
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burden is likely to escalate over time.  The adverse health and economic consequences, 
combined with significant race/ethnic disparities, emphasize the critical need to address 
diabetes.    
Several factors are responsible for the escalating burden of diabetes including 
substantial increases in the prevalence of obesity. While there is evidence that the prevention 
of obesity can reduce the burden of diabetes, the complex and multi-factorial nature of 
obesity makes prevention efforts challenging.  In particular, there has been relatively little 
research comparing the effects of obesity from different periods of the life course on diabetes 
risk.   Further, there remains a great need for research in at risk populations including 
race/ethnic minorities.  The proposed work will advance our scientific knowledge regarding 
the development of obesity and determine its role in diabetes in a racially and ethnically 
diverse group of individuals during the transition from adolescence to young adulthood.   
Specifically, we aim to understand whether timing and duration of obesity influences the 
likelihood of diabetes in adulthood, independent of current size. 
EPIDEMIOLOGIC STUDIES LINKING OBESITY WITH DIABETES 
For both children and adults, obesity is a salient and modifiable risk factor of T2D 
[68-72].  Epidemiological and biochemical studies have chronicled the influence of obesity 
on the development of diabetes.  A meta-analysis of 32 studies published between 1985 and 
2004 illustrates that body mass index (BMI) is significantly associated with diabetes 
incidence among adults [70].  Increases in BMI, even within the normal levels (18-25 kg/m2) 
are associated with an increased risk for diabetes [73-76].  The clear dose-response 
relationship between BMI and diabetes incidence has been consistently observed across a 
wide range of racial/ethnic backgrounds [73-76]; however, research suggests that minorities 
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have a higher incidence of diabetes at lower BMI levels than whites [73, 77].  Given that 
racial/ethnic minority groups are disproportionately at risk for diabetes and they have higher 
levels of diabetes at lower BMI levels, further research is necessary to better understand this 
disparity.   
MECHANISMS LINKING OBESITY TIMING AND DURATION WITH DIABETES 
While current obesity is a salient determinant type 2 diabetes, history of obesity 
during childhood [78, 79] and adulthood [70] also increase diabetes risk later in life.  The 
potential differential and/or cumulative effects of obesity during different periods of life on 
the development of diabetes are not well documented.  Adolescence may be a sensitive 
period for the development of diabetes given the substantial decreases in insulin sensitivity 
associated with pubertal development [80-82].  Obesity during this sensitive period may 
further alter insulin metabolism in ways that increase the risk of diabetes later in life.   
However, no known studies have explicitly examined the timing of obesity on diabetes.  
In addition to timing, obesity duration may elicit additional metabolic changes that 
increase future diabetes [83, 84].  Obesity affects both insulin sensitivity and insulin 
secretion [83, 84].  Initially, pancreatic β-cells may increase insulin release to overcome the 
reduced efficiency of insulin action [83, 84].  However, over time, β-cells may no longer able 
to sufficiently compensate for decreased insulin sensitivity, which may ultimately lead to the 
development of diabetes [83, 84]. Yet, epidemiologic research specifically examining the 
relationship between duration of obesity with diabetes in adulthood has yielded inconsistent 
results [85-91].  Some epidemiological research suggests that duration of obesity increases 
the risk of diabetes [85, 88-92], while other studies find no such association [86, 87].  
Inconsistent findings may be a result of no true association between obesity duration and 
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diabetes and/or related to differences in the classification of obesity duration (e.g. >5 years, 
>10 years, person time, or overweight duration), changing definitions of diabetes and pre-
diabetes, and study populations (younger versus older populations).  Further, few studies 
have examined the extent to which obesity duration influences diabetes in a contemporary 
cohort of young adults.  Given the inconsistent findings, changing definitions of diabetes and 
pre-diabetes, and the dearth of knowledge concerning the young adults, further research is 
needed.   We propose to examine how obesity timing and duration influence prevalent 
diabetes in young adulthood.  Understanding the role of obesity timing and duration on later 
disease risk is important for effective diabetes prevention.  
F. SUMMARY 
There are few studies examining the determinants obesity over the life course from 
birth to adulthood.   The proposed study will focus on how weight from different periods of 
the life course influences later obesity and severe obesity.  First, we aim to understand how 
the birthweight influences obesity during adolescence and adulthood.  Second, we aim to 
understand the natural history of severe obesity, with a specific objective of determining the 
role of adolescent obesity on severe obesity development and determining the ages severe 
obesity is mostly likely to occur.  Finally, we will determine how obesity timing and duration 
during the transition from adolescence to adulthood influences prevalent diabetes in 
adulthood.   There have been few studies that have examined these associations in a 
racially/ethnically diverse cohort of young adult.  This research adds important insight into the 
development of obesity in young adulthood and its role on diabetes. Furthermore, we fill an 
important gap in the literature by examining these relationships in populations who are 
disproportionately at risk for disease and over a period of the life course characterized by 
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substantial weight gain.  Finally, results from this research can inform future health policy and 
intervention strategies aimed at obesity and diabetes prevention.
 
  
 
 
 
III. METHODS 
A. DATA SOURCE AND STUDY POPULATION 
The National Longitudinal Study of Adolescent Health (Add Health) is a prospective 
study, representative of adolescents attending U.S. public, private, and parochial schools 
during the 1994-1995 school year and followed over 14 years into adulthood.  Between 1994 
and 1995, 80 high schools and 52 middle schools were selected into the study based on 
systematic sampling methods and implicit stratification to ensure that the sample was 
representative of U.S. schools with respect to region of country, urbanicity, school size, 
school type, and ethnicities. Students at participating schools (n=90,119) completed the In-
School Questionnaire and an in-home sample was drawn.  Individuals included in-home 
sample were nationally representative of adolescents in grades 7 through 12 in the U.S. 
during the 1994–95 school year (Figure 1).  Special subsamples were added to enhance 
representation of certain groups such as ethnic minorities (i.e. African Americans from 
highly educated families and youth of Cuban, Chinese, and Puerto Rican descent) and 
sibling/twin pairs. Wave I of the in-home survey (1994-1995; 11-21 years) included 20,745 
adolescents and their parents.  Wave II (1996, n=14,438; 12-22 years) included Wave I 
adolescents who had not graduated from high school, including high school drop-outs.  Wave 
III (2001-2002; n=15,197; 18-27 years) and Wave IV (2007-2009; n=15,608; 24-33 years) 
followed all Wave I respondents (regardless of Wave II participation). 
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Figure 1. Add Health Design Flow Chart 
 
SIBLING SUBSAMPLE 
In addition to the longitudinal cohort, Add Health has special subsamples including a 
matched family subsample consisting of full-sibling and twin pairs, with shared 
environmental exposures and genetic backgrounds. This sample consists of 1,799 sibling 
pairs (1,252 full-sibling, non-twin pairs; 460 dizygotic twin pairs; 287 monozygotic twin 
pairs) identified from the full cohort and were followed from wave I to wave IV.   Non-twin 
sibships were classified by self-report.  Twin zygosity was determined by matching 12 
molecular genetic markers at Waves I or III or by full agreement of self-report measures, 
including confusability of appearance.  In cases where zygosity was not determined, these 
pairs will be excluded from the analysis.   
Wave I (1994-1995): n= 20,745
•Adolescents in grades 7-12 
•Ages 11-20
•Oversampling of minorities (blacks with college 
educated parents, Cubans , Puerto Ricans, Chinese) and 
disabled
• Genetic Supplementations (Twins, full-siblings, half-
siblings, non-related adolescents living in same 
household)
Wave II (1996): n = 14,738 
•Ages 12-21
•Majority of  wave I,12th grade respondents were excluded because they 
exceeded grade eligibility (12th grades part of a genetic pair were retained)
•Wave I disabled sample, not re-interviewed
•Contains small number of adolescents not interviewed at wave I
•High-school drops included because of age inclusion
Wave III (2001-2002): n = 15,197
•Ages 18-27
• Includes 15,170 original wave I respondents
•Includes 27 Wave II special genetic respondents
•Includes Romantic Pairs Sup-sample (1,500 couples)
Wave IV (2007-2009): n = 15,701
•Ages 23-32 
•Follow-up of wave I respondents
Parental Questionnaire: n= 17,669
•Parent or guardian interviewed during wave 
I of the study
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B. MEASUREMENT OF KEY VARIABLES 
ANTHROPOMETRY 
Height and weight were self-reported in all four waves and measured in waves II-IV 
during an in-home surveys using standardized procedures [93, 94].  Wave II and III measured 
and self-reported information is highly correlated, shown to correctly classify obesity among 
participants and has been used by numerous Add Health publications [95].  Previous Add 
Health research found that the discrepancy between weight change based on self-report 
versus measured weights was relatively minor and not related important covariates such as 
race, weight change efforts, activity, or inactivity, suggesting that the difference is random 
[96].   
We used BMI [wt(kg)/ht(m)2] instead of weight in our analysis given that our main 
interest is during the transition from adolescence to adulthood.  Weight gain during this time 
period reflects increases in height as well as lean and fat mass.  BMI is uncorrelated with 
height and is an acceptable measure of adiposity of adolescents and adults [97, 98].  While 
BMI z-scores are commonly used in studies of adolescents and children, we used BMI as the 
main measure as suggested by Berkey and Colidtz for longitudinal studies in adolescents 
because change in actual BMI is more powerful and easier to interpret [99].   
Obesity and Severe Obesity 
Obesity during childhood and adolescence was defined using two criteria: 1) the 95th 
percentile based on nationally representative data from the 2000 growth curves of the CDC 
or 2) BMI≥30 kilograms (kg)/meters (m)2, which provide comparability to otherwise 
discrepant obesity definitions for adolescents and adults [5, 100].  Severe obesity was defined 
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as a BMI ≥120% of 95th percentile or BMI≥40 for individuals <20 years[101] and BMI ≥40 
for individuals > 20 years.  
 Obesity Timing and Duration 
Obesity timing was classified into 3 categories: 1) never obese, 2) obesity during 
adolescence and 3) adult-onset obesity.  Adolescent obesity was defined as initial 
classification of obesity before 18 years of age.  Adult-onset obesity was defined as obesity 
onset ≥ 18 years.  Obesity duration from adolescence to adulthood was based on obesity 
status at waves II, III, and IV and categorized as: 1) never obese, 2) incident obesity (non-
obese at baseline and became and remained obese at last exam), 3) fluctuating obesity (any 
shift in classification from obese to non-obese), and 4) persistent obesity (obese at all waves). 
Notably, we did not fully observe the exact age when individuals become obese given 
the elapse between waves.  For example, if an individual is 16.1 years of age and obese at 
wave I, we only know that the person became obese prior to 16.1 years of age.  In this case, 
we knew that the individual experienced obesity during adolescence.  Similarly, if a non-
obese individual is 18.5 years of age at wave II but is obese at wave III (age 23.5 y), we 
knew that the individual experienced obesity onset during adulthood.  However, there were 
certain cases, in which we did not  know if an individual became obese prior or after 18 years 
of age.  For example, if a non-obese individual is 17.5 years of age at wave II and is obese at 
wave III at age 22.7, we only know that this person’s age at onset of obesity falls between the 
ages of 17.5 and 22.7.  In this case we classified the individual as adult onset obesity, which 
will bias the effect estimate towards the null (conservative estimate).   
Waist Circumference 
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In addition to height and weight, Add Health has measured waist circumference (WC) 
at Wave IV.  WC was measured midway between the lowest rib and the superior border of 
the iliac crest at end-expiration by trained examiners.  Measurements were made to the 
nearest 0.5 cm.  WC was considered as a continuous variable and as a categorical variable. 
Men with a WC ≥ 40 inches (102 cm) and women with a WC ≥ 35 inches (88cm) were 
considered to have an elevated WC.  These definitions were based on the National 
Cholesterol Education Program Adult Treatment Panel III criterion [102].   
BIRTHWEIGHT  
Birthweight was reported in most cases by the adolescent’s mother during the in-
home wave I parental interviews.  While parental report of birthweight is less ideal than 
measured birthweight, previous research has shown that parental recall of birthweight is 
relatively accurate for 16 years across various socioeconomic statuses; thus, it is not likely 
that our results will be biased due to measurement error [103].  Birthweight was categorized 
birthweight into three groups: low birthweight (< 2.5 kg), normal birthweight (≥ 2.5 kg to ≤ 
4.0 kg) [referent], and high birthweight (> 4 kg) or will be used as a continuous variable.   
DIABETES 
Whole blood spots were collected from all respondents in Wave IV (2008).  Trained 
and certified interviewers used standard procedures to obtain whole blood via a finger prick 
for analyses.  Samples were shipped to Craft Laboratories for storage at -30°C and 
subsequent analyses.  Craft Laboratory will use whole blood spot assays for glycosylated 
hemoglobin (A1C [%]) that been have been shown to provide the accuracy, precision, and 
reproducibility of clinical tests, such as venous whole blood samples.   
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Diabetes was identified using A1C ≥6.5% (and self-report (where individuals were 
asked “Has a doctor, nurse, or other health provider ever told you that you have or had high 
blood sugar or diabetes [if female, when you were not pregnant]?”).  Individuals who self-
reported diabetes (via questionnaire: “Have you ever been diagnosed with diabetes?”) at 
wave III, but not at wave IV were coded as missing (due to unclear diabetes status).  Diabetes 
will be classified as diagnosed diabetes (self-reported diabetes), undiagnosed diabetes (no 
self-reported diabetes, but A1C ≥6.5%), or no diabetes. 
COVARIATES 
Multivariate analyses were adjusted for factors that are related to our outcomes and 
exposures of interest, such as sociodemographic factors.   Race/ethnicity, socioeconomic 
status, age, and gender, and were obtained from in-home questionnaires during Waves I-IV.  
Race and ethnicity are self-reported and respondents provided detailed information about 
race/ethnicity and sub-categories (e.g. Filipino, Puerto Rican).  Race/ethnicity will be 
classified as “non-Hispanic white”, “non-Hispanic black”, “Hispanic”, and “Asian”, which is 
consistent with previous Add Health publications [104, 105].  Standard indicators of 
socioeconomic status were self-reported by the respondents (educational attainment at wave 
IV) or respondents parents (at Wave I only and include parental education, occupation, and 
household income).  Parental health status (paternal obesity and diabetes, maternal obesity 
and diabetes) were self-reported by the respondents parents at Wave I.   
 
 
  
 
 
 
 
IV. A STUDY OF THE BIRTHWEIGHT-OBESITY RELATION 
USING A LONGITUDINAL COHORT AND SIBLING AND TWIN 
PAIRS 
A. ABSTRACT 
Sibling and twin study designs provide control for confounding factors that are 
typically unmeasured in traditional cohort studies.  Using nationally representative data from 
the National Longitudinal Study of Adolescent Health collected at 3 visits during 1994-2002, 
we evaluated the longitudinal association between birthweight and later obesity in a 
traditional cohort study (n=13,763; ages 11−21 years at baseline) controlling for sex, age, 
race/ethnicity, and parental education. Among persons with a nonobese mother, high 
birthweight individuals (>4kg) participants were more likely than normal birth weight (≥2.5 
to ≤4 kg) participants to become obese later in life (incidence rate ratio=1.46; 95% 
confidence interval: 1.28, 1.67). In a matched sibling pair sample (full-siblings: n=513; 
monozygotic twins: n=207; dizygotic twins n=189), we examined longitudinal within-pair 
differences. Birthweight difference was positively associated with BMI difference later in life 
for female monozygotic pairs only (β=2.67; 95% confidence interval: 0.99, 4.35). Given the 
null associations observed in the sibling sample, the commonly observed positive association 
between birthweight and later obesity from cohort analyses may be attributed to confounding 
by maternal characteristics. Further research is needed to identify specific factors that 
contribute to the birthweight – obesity relation.   
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B. INTRODUCTION 
Obesity, a complex, multifactorial disease with genetic and environmental etiology 
[106, 107], continues to be a major and global public health concern.  Early-life factors, such 
as intrauterine growth, may contribute to the development of obesity [25, 26].  Birthweight, 
an indicator of intrauterine growth, is associated with childhood and adult obesity [27-36].  
Investigators in most cohort studies report a positive association, while others observe U-
shaped or null associations [29-37].   
Environmental and genetic factors may underlie the association between birthweight 
and size later in life [38].  One hypothesis suggests that persons who experience an adverse 
intrauterine environment may metabolically and physiologically adapt to enhance survival 
early in life [39, 40]; however, these adaptations may increase risk of later obesity in an 
obesogenic postnatal environment.  In addition, intrauterine exposure to excess glucose via 
gestational diabetes and/or overnutrition may increase fetal insulin production and change 
pancreatic and brain development, resulting in increased birth size and altered postnatal body 
composition [41-44].  Alternatively, a common genotype may influence both birthweight and 
later obesity [45].  The complex independent and joint influences of intrauterine 
environmental and genetic factors on later size remain poorly understood.   
 Sibling and twin study designs offer a unique opportunity to better understand the 
relation between birthweight and obesity, since provide control for environmental and 
genetic factors that are typically unmeasured in traditional cohort studies [38, 48-52].  In 
general, full-siblings share genetic and maternal environments in contrast to unrelated 
persons in cohort studies [38, 48-52].  Additionally, twins have identical gestational ages and 
equally share certain maternal exposures (e.g., maternal age or socioeconomic status).  
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Further, monozygotic twins are genetically identical [38, 48-52].  Thus, differences in 
birthweight within sibling and twin pairs are not likely to be due to these shared influences, 
but rather to factors influencing the growth of each individual [50].  Comparisons within full-
sibling and twin pairs can shed light on genetic and environmental influences of the 
association between birthweight and later size.  Findings from twin studies are inconsistent 
and dominated by data from Caucasian populations [27, 28, 53-58].  Thus, there is a great 
need for additional studies that provide findings in a racially/ethnically diverse sample. 
Using longitudinal, nationally representative, prospective data enriched with sibling 
and twin pairs, we examined: 1) in the full cohort, the association between birthweight and 
obesity using traditional cohort analyses, hypothesizing that persons of  high (versus normal) 
birthweight would be more likely obese in later life; and 2) in the full-sibling and twin pairs 
sample, the association between birthweight difference and body mass index (BMI; weight 
[kg]/height [m]2) difference using a within-pairs difference method, hypothesizing that the 
sibling with heavier birthweight would be heavier during adolescence and young adulthood.   
C. METHODS 
STUDY POPULATION 
The National Longitudinal Study of Adolescent Health (Add Health) was a 
prospective cohort study of 20,745 adolescents representative of the US school population in 
grades 7–12 in 1994–1995 (wave I) who were followed into adulthood. Wave II of Add 
Health (1996; n = 14,438) included wave I adolescents who had not graduated from high 
school, even if they had dropped out of high school. In wave III (2001–2002; n = 15,197), all 
wave I respondents were followed, regardless of wave II participation (ages 18–27 years). 
Waves II and III included an additional 29 respondents, for a total of 20,774 persons in the 
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full cohort sample. The Add Health data set consists of a core sample plus additional 
subsamples, including full-sibling pairs and twin pairs, collected for the purpose of genetic 
analyses. Survey procedures have been described elsewhere and were approved by the 
institutional review board at the University of North Carolina at Chapel Hill [108].  
STUDY VARIABLES 
Height and weight were self-reported in waves I, II, and III and measured in waves II 
and III during in-home surveys using standardized procedures.  We used self-reported data 
from all waves to maximize the sample size and for comparability across waves.  The 
discrepancy in weight change based on self-report data versus measured data in this data set 
was relatively minor and was not related to important covariates such as race/ethnicity, 
weight change efforts, activity, or inactivity, suggesting random differences versus 
systematic differences [96].  As recommended for longitudinal studies in adolescents, we 
used BMI as the main outcome instead of BMI z-score [99].  Additionally, as recommended 
by expert panels and for comparability, obesity was defined consistently across racial/ethnic 
groups as a BMI ≥95th percentile of the age-and sex-specific National Center for Health 
Statistics/Centers for Disease Control and Prevention (CDC) growth reference or ≥30 for 
adolescents and BMI ≥30 for adults [109, 110].  For women pregnant at time of 
measurement, BMI and obesity status were coded as missing.  Birthweight was reported by 
the adolescent’s mother (93%) or caregiver (7%) during the in-home wave I parental 
interview.  Covariates included age, sex, parental self-reported maternal obesity status 
(yes/no), parental self-reported paternal obesity status (yes/no), living with the sibling (for 
the family sample only [yes/no]) parental education, parental income, and race/ethnicity (by 
parental and adolescent report).  
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FULL COHORT  
From the initial 20,774 participants in the full cohort sample, there were 62,322 
possible observations across the 3 study waves.  We excluded participants who were Native 
American (n = 156), were severely disabled (n = 383) or who had missing data on 
birthweight information (n = 696)), height and weight (n = 505), maternal obesity (n = 
2,991), sampling weights (n = 1,850), or covariates (n = 430).  The final analytic sample 
included all available exposure, outcome, and covariate data collected across the 3 study 
waves, totaling 33,557 observations among 13,763 persons.  Comparing the participants 
included in our analysis with those who were not, there were significant differences by 
race/ethnicity, parental education, age at baseline, maternal obesity, and BMI at baseline.  To 
assess selection bias, we conducted additional multivariate analyses using inverse probability 
weighting, finding no evidence of selection bias in our final models [111, 112].  
 Statistical analyses were conducted using Stata (release 10.0, Stata Corporation, 
College Station, Texas).  To account for the stratified sampling strategy and the clustered 
sampling design, we used sample weights and survey analysis techniques in all descriptive 
analyses of the longitudinal cohort.  Percentages were calculated for categorical variables, 
while mean values were calculated for continuous variables.  To compare persons with a 
nonobese mother at baseline to those with an obese mother, we used a χ2 test and F-statistic 
to test statistical differences.      
          We pooled data from all 3 waves and used longitudinal, random effects, Poisson 
regression models to examine the association between birthweight and obesity among 
unrelated individuals (e.g. between mother effect).  These models adjusted for the correlation 
between repeated observations in the same subject and had the advantage of handling 
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longitudinal data on subjects with varying numbers of observations, thereby allowing for 
inclusion of the maximum number of data points [113-115].  Each individual contributed 1–3 
observations (mean = 2.4).  Since we observed a nonlinear relations between birthweight and 
obesity, we categorized birthweight as low (<2.5 kg [LBW]), normal (≥2.5 kg to ≤4 kg 
[NBW]) (referent), or high (>4 kg [HBW]); alternatively, we split birthweight into 8 
categories (<1.8, 1.8–2.2, 2.3–2.6, 2.7–3.1, 3.2–3.5 (ref), 3.6–4.0, 4.1–4.4, and ≥4.5 [kg]).  
Given evidence suggesting that the birthweight – obesity relations may differ by age, 
maternal obesity, paternal obesity, and sex, we examined effect measure modification using 
interaction terms and likelihood ratio tests, with α = 0.10 [32, 43, 116, 117].  Further, since 
most research in this area has been predominated by data from Caucasian populations, we 
explicitly examined whether race/ethnicity modified the association. Finding no such 
modification, we did not stratify our results by race/ethnicity.  Only maternal obesity was 
identified as an effect measure modifier (p=0.04); thus, final models were stratified by 
maternal obesity.  Potential confounders were included if they changed the main effect 
coefficient by >10% or if they met a conceptual rationale.  Multivariate modelsresults were 
adjusted for race/ethnicity, age, age squared, sex, and parental education. 
SIBLING SAMPLE  
To expand the findings of traditional cohort analyses, we analyzed data from the Add 
Health sibling sample (1,270 full-sibling and twin pairs; 713 same-sex full-sibling, nontwin 
pairs; 270 same-sex dizygotic twin pairs; and 287 monozygotic twin pairs) to examine 
whether within-pair birthweight differences influenced within-pair BMI differences in 
adolescence and young adulthood (e.g., within pair effect). Twin zygosity was determined by 
matching 12 molecular genetic markers at wave I or III or by full agreement of self-report 
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measures, including confusability of appearance.  Nontwin sibships were classified by self-
report. From the initial 1,270 sibling pairs, there were 3,810 possible observations across the 
3 study waves.  Using the same exclusion criteria for the full cohort, the analytic sample for 
the sibling sample consisted of 2,225 observations among 909 sibling pairs.  Each pair 
contributed 1–3 observations (mean = 2.4).  
We used longitudinal, random effects, linear regression modeling to examine whether 
within-pair birthweight differences predicted within-pair BMI differences over time 
(Equation 1 and Equation 2).  Difference measures were calculated between sibling 1 and 
sibling 2 (e.g., BMIsibling 1 – BMIsibling 2) with siblings randomly ordered.  We hypothesized 
that if birthweight was positively associated with later weight, the sibling who was heavier at 
birth would also be heavier in adolescence and young adulthood.  Therefore, if birthweight 
difference is positively associated with later BMI difference, we expected the regression 
coefficient for β1 to be significantly greater than 0 (if the association were inverse, β1 would 
be significantly less than 0; if there were no association, β1 would not differ significantly 
from 0).   The models for full sibling and for dizygotic and monozygotic twins, respectively, 
are:  
Equation 1: Full Siblings 
Yij = β0 + β1*(Birthweight Difference)j + β2*(Age difference)ij + β3*(Living Together)ij + ξij 
+ γj 
Equation 2: Dizygotic and Monozygotic Twins 
Yij = β0 + β1*(Birthweight Difference)j + β2*(Age Sibling 1)ij + β3*(Living Together)ij + ξij + γj   
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where Y is the BMI difference between siblings in pair j at wave i, ξij is the error term 
specific to each pair j at each wave i and γj  is the error term specific to each pair j and 
constant across wave i.   
We stratified the models by sibling pair type (full-siblings, dizygotic twins, or 
monozygotic twins) to capture any heterogeneity in the relation between birthweight and 
later BMI which may be attributed to genetics and/or environment.  Given research 
indicating that sex may differentially influence fetal growth, length of gestation, and body 
composition among twins we tested effect modification by the sex combination of the pair 
(using sex × birthweight difference interactions), finding effect modification for monozygotic 
twins only [118, 119]. For comparability across the models, all model results were stratified 
by sex of the pair (male/male and female/female).  
             Potential confounders were identified using a directed acyclic graph (not shown) 
[120, 121].  Only covariates that differed between siblings were included in the final models 
(age and living with the sibling).  Characteristics shared between siblings, such as parental 
education, parental income, maternal obesity, paternal obesity, and race/ethnicity were not 
included.  For full sibling models, we used robust cluster commands in Stata to account for 
household clustering, since multiple sibling pairs per household were included.   Sampling 
weights were not computed for the oversampled persons participating in the sibling sample.   
D. RESULTS 
FULL COHORT SAMPLE 
Descriptive characteristics of the full cohort at baseline are given in Table 1.  At 
baseline, persons with an obese mother were markedly different from persons with a 
nonobese mother with respect to birthweight, race/ethnicity, age, parental education, and 
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obesity.  Irrespective of maternal obesity status, obesity prevalence increased over the 8-y 
period (results not shown).  
           Using multivariate, longitudinal, random effects Poisson regression modeling, we 
found a significant association between birthweight and obesity in persons with a nonobese 
mother (Table 2).  HBW participants with a nonobese mother were more likely to be obese 
adolescents/young adults than NBW individuals (Incidence Rate Ratio [IRR] = 1.46; 95% 
Confidence Interval [CI]: 1.28, 1.67). 
 Parallel multivariate Poisson models using additional categories (8) of birthweight 
similarly showed that persons with a nonobese mother who weighed more than 3.6 kg at birth 
were significantly more likely to become obese than those weighing 3.2–3.5 kg at birth 
(Figure 2), resulting for example in a 1.2–unit higher BMI later in life for a birthweight of 
4.5 kg (24.1 units) versus a birthweight of 3.2 kg (22.9 units) (results not shown).  In 
contrast, a comparable 1.3– kg difference in birthweight was not associated with later BMI 
differences for persons with an obese mother.     
SIBLING SAMPLE 
 Approximately half of the dizygotic and monozygotic twins were LBW, as compared 
with 5% of full siblings (Table 3).  Within sibling pairs, differences in birthweight and BMI 
were largest for full-siblings and smallest for monozygotic twins.  Within twin pairs, only 2 
persons were (monozygotic twins).   
  Using longitudinal, random–effects, linear regression models to predict BMI 
differences, we observed that among monozygotic females, twin birthweight differences 
were positively associated with adolescent and young adult BMI differences (β=2.67, 95% 
CI: 0.99, 4.35); the twin with a higher birthweight was more likely to have a higher BMI later 
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in life, whereas no such association was observed for full siblings or dizygotic twins (Table 
4).  Post-hoc power calculations revealed adequate statistical power (>80%) to detect within-
pair BMI differences of approximately 1 unit or more (results not shown).   
E. DISCUSSION 
Given mounting evidence suggesting that birthweight is associated with adult size 
and disease, a comprehensive understanding of whether the association between birthweight 
and adult size reflects intrauterine environmental factors or common genetic factors is needed 
[38].  However, in most studies examining the association between birthweight and obesity, 
investigators use traditional cohort data, which may not be adequately suited to 
understanding which factors contribute to the association.  Sibling and twin study designs 
allow within-pair analytic approaches that eliminate much of the influence of factors shared 
by both siblings, such as maternal exposures (e.g., maternal age), genetics, and the postnatal 
environment (e.g., parental feeding styles and socioeconomic status) [38, 48-52].  Taking 
advantage of a nationally representative, prospective data set we observed that maternal 
obesity modified the relation between birthweight and later obesity.  Persons who were HBW 
(versus NBW) and had a nonobese mother were significantly more likely to be obese later in 
life.  We observed a similar (but not statistically significant) trend for persons with an obese 
mother.  Notably, we found no evidence of modification by race/ethnicity, which suggests 
that findings from predominantly Caucasian populations may be generalizable to all U.S. 
racial/ethnic groups.  In the sibling sample, we observed a positive association of birth 
weight difference with later BMI difference in monozygotic, female twins only, despite 
adequate power to detect within-pair differences of ≥1 BMI unit; this suggests that null 
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findings in all other sibling configurations may be due to inadequate power to detect small 
within-pair BMI differences.  
  Similarly to our study, investigators in a majority of cohort studies have reported a 
positive association between birthweight and obesity later in life [29-36]; however, only 1 
other study found effect measure modification by maternal size [32].  Given the strong link 
between maternal obesity, infant birthweight, and child obesity, we hypothesized that the 
relation between birthweight and later obesity may be modified by common genetic factors 
and/or an obesogenic environment related to both birthweight and later obesity.  If these 
genetic factors and/or behaviors were passed from mother to child, the association between 
birthweight and later obesity might be modified by maternal obesity status.  We found an 
association between birthweight and later obesity in offspring of nonobese mothers only, 
suggesting that genetic factors and/or an obesogenic postnatal environment may be stronger 
determinants of obesity than intrauterine factors.   
Twin studies examining the relation between birthweight and later size have yielded 
inconsistent findings: Some have found positive associations, some null associations [27, 28, 
53-58].  Discrepant findings may reflect differences in inclusion criteria (e.g. monozygotic 
twins only and/or combining twins of mixed-sex [53-56, 58]).  Our findings suggest that the 
intrauterine environment unique to each fetus contributes to later size differences only in 
female monozygotic twin pairs. However, we cannot exclude the possibility that the 
intrauterine environment does contribute to later size differences across other sibling 
configurations, since we did not have sufficient power to detect within-pair differences of <1 
BMI unit, which would not be captured if the intrauterine environment contributes to very 
small differences in later size.  Intrauterine factors influencing birthweight between- and 
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within-twins include blood and nutrient supply, umbilical cord insertion, placentation, and 
chorionicity [50, 122, 123].  However, it is not possible to entirely preclude the influence of 
genetic factors even among monozygotic twins, since they may also differ according to a 
number of genetic factors, including the number of chromosomes present, as well as 
epigenetic modifications and DNA mutations [124]. Alternatively, if the observed null 
associations are accurate, the commonly observed positive association between birthweight 
and obesity may be confounded by unmeasured, shared factors (e.g. maternal characteristics), 
accounted for with the within-pairs difference method in full-siblings, dizygotic twins and 
male-male monozygotic twins.   
INSIGHTS ABOUT THE BIRTHWEIGHT-OBESITY RELATIONSHIP GAINED FROM 
LONGITUDINAL AND SIBLING AND TWIN SAMPLES 
Comparing the results the from traditional cohort analyses to those from the within 
sibling/twin pair analyese sheds light on which factors contribute to the birthweight – obesity 
association.  If findings for the full cohort and dizygotic twins and siblings are both positive, 
whereas findings for monozygotic twins are attenuated, this suggests factors shared by 
monozygotic twins influence later body size (e.g., genetic factors). Conversely, if findings 
from the full cohort are positive, whereas null findings are observed in the within-pair 
sibling/twin sample, this suggests that any factors shared between full sibling and twin pairs 
are responsible for the association between birthweight and obesity (e.g., socioeconomic 
status).  If the observed null findings in monozygotic male twins are accurate, the positive 
findings observed in the full cohort may attributable to confounding by maternal 
characteristics or genetic factors.  Alternatively, null findings may result from inadequate 
power to detect small within-pair differences, which could be the case if within-pair 
birthweight differences contribute very little to within-pair BMI differences later in life.   
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STRENGTHS AND LIMITATIONS  
Most research in this area has: 1) been conducted in racially/ethnically homogenous 
populations, and 2) examined the association between birthweight and size at only a single 
point in time, thus precluding the generalizability of results to larger populations.  The 
strengths of our study include our use of a large, nationally representative, cohort, followed 
over an 8-y time span, providing valuable information regarding the potential influence of 
modification by maternal obesity, paternal obesity, sex, age, and race/ethnicity, as well as 
comparative findings from the sibling and twin samples. Our within-pairs difference 
approach holds all factors related to the mother and pregnancy constant, while our cohort 
approach provides information on unrelated persons, similar to a between-pair coefficient.  
Our findings shed light on the complex nature by which environmental and genetic factors 
influence the relation between birthweight and obesity.   
 Despite these strengths, our study had some limitations.  First, results from a unique 
sample of twin pairs may not be generalizable to singleton births, particularly those involving 
term gestations.  Generally, twins have lower birthweights than singletons, which largely 
reflects shorter gestation period and intrauterine growth restriction [125].  Additionally, since 
development of fat mass largely occurs later in pregnancy twins may  have decreased fat 
mass in comparison with to full-term singleton babies [126].  These differences in body 
composition may modify the association between birthweight and later size, which we were 
not able to capture using BMI.  While other measures may more accurately capture adiposity, 
BMI is recommended for large epidemiologic studies and adequately correlate with total 
body fat [127].  A second limitation is that while we used a sibling and twin pair design to 
reduce effects of shared environmental and genetic factors, the results may have been 
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affected by residual confounding (e.g., birthweight differences may result in a maternal 
choice to differentially feed offspring). Unfortunately, Add Health did not collect 
information about early life factors, such as maternal care-giving practices or other 
environmental/antenatal factors that differed between the siblings in early life.  Furthermore, 
our results may have been subject to measurement error arising from parental recall of 
birthweight and respondent self-report of height and weight.  However, parental recall of 
birthweight has been shown to be relatively accurate and discrepancies between self-reported 
and measured height/weight in Add Health are relatively minor [95, 103, 128-130].  
Nonetheless, nondifferential reporting errors regarding birthweight, height, and weight would 
tend to attenuate the association between birthweight and later size and may underlie null 
findings in the sibling sample.  Alternatively, while our sibling sample was larger than 
samples in other sibling studies, our sample is still relatively small, with adequate statistical 
power to detect only within-pair differences of ≥1 BMI unit [54-56].  
CONCLUSIONS 
In summary, our cohort study findings suggest that high birthweight is positively 
associated with later obesity.  Findings from our sibling and twin study suggest that 
unmeasured, shared factors, such as maternal characteristics, may be responsible for the 
commonly observed positive association between birthweight and later obesity.  While there 
is growing evidence that early–life factors may influence later health outcomes, a better 
understanding of the pathways underlying this relation is needed. 
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Table 1.  Characteristics of the analytic sample at baseline, stratified by maternal obesity, 
National Longitudinal Study of Adolescent Health (n = 13,763; 1994-1995)a 
Mother Non-Obeseb Mother Obeseb 
    n = 11,285 n = 2,478 
Birthweight Category (%) 
Low Birthweight (< 2.5 kg) 8.4 (0.5) 4.8 (0.5) 
Normal Birthweight (2.5 - 4 kg) 79.8 (0.6) 76.3 (1.0) 
High Birthweight (> 4 kg) 11.8 (0.5) 18.9 (0.9) 
Birthweight (mean [kg]) 3.3 (0.01) 3.5 (0.02) 
Race/Ethnicity (%) 
White 70.9 (2.9) 74.9 (2.6) 
Black 14.2 (2.0) 14.3 (2.0) 
Hispanic 11.6 (1.7) 9.4 (1.4) 
Asian 3.2 (0.7) 1.4 (0.5) 
Sex (%) 
Women 48.5 (0.7) 50.6 (1.5) 
Age (mean [years]) 15.3 (0.1) 15.5 (0.1) 
Parental Educationc (%) 
Not a high school graduate 14.6 (1.3) 11.9 (1.3) 
High school graduate 33.3 (1.2) 31.1 (1.4) 
Some college 28.2 (0.8) 33.7 (1.5) 
College Graduate 24.0 (1.7) 23.3 (1.3) 
Obesityd (%) 7.6 (0.4) 22.0 (1.2) 
Body Mass Index (mean [kg/m2]) 21.8 (0.1) 24.5 (0.2) 
a Standard errors in parentheses.   All results were weighted for national representation, 
and the standard errors were corrected for multiple stages of cluster sample design and 
unequal probability of selection.  
b Maternal obesity was reported during the wave I parental interviews. 
c Parental education was defined as the highest level of education achieved for either 
parent.   
d For all race/ethnic groups, adolescent obesity (< 20 y) was defined using the 2000 
NCHS/CDC growth chart age- and sex- specific BMIs ≥ 95th percentile cut point or BMI 
≥ 30, and adult obesity (≥ 20 y) was defined as BMI ≥ 30.   
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 Table 2.  Association between birthweight and adolescent/young adult obesity, 
Longitudinal Cohorta 
Mother Non-Obese Mother Obese 
Incidence Rate Ratio (95% CI) Incidence Rate Ratio (95% CI) 
Number of Observations = 
27,497 
Number of Observations = 
6,060 
  Number of Groups = 11,285 Number of Groups = 2,478 
Birthweight 
Low Birthweight 1.07 (0.93, 1.24) 0.92 (0.74, 1.14) 
Normal Birthweight Referent Referent 
High Birthweight 1.46 (1.28, 1.67) 1.15 (1.00, 1.34) 
a
 National Longitudinal Study of Adolescent Health.  Incident rate ratios and 95% 
confidence intervals were obtained from multivariate longitudinal, random effects poisson 
regression models predicting obesity accounting for sex, age (continuous), age squared, 
race (White, Black, Hispanic, Asian), and parental education (less than high school 
graduate, high school graduate, some college, college graduate). 
 
 Table 3.  Selected baseline characteristics of the Family Sample stratified by sibling type in National Longitudinal Study of 
Adolescent Health, 1994-1995, wave I  
 Full Sibling Dizygotic Twins Monozygotic Twins 
 Individual N= 946 Individual N= 358 Individual N= 376 
  Pair N = 473 Pair N = 179 Pair N = 188 
Birthweight (Kg)    
Birthweight [Mean (SD)] 3.4 (0.6) 2.6 (0.6) 2.4 (0.6) 
Birthweight: Low Birthweight (%)  5.4 41.3 53.3 
Birthweight: High Birthweight (%)  14.0 0.0 0.5 
Birthweight Difference: [Mean (SD)] 0.5 (0.4) 0.3 (0.3) 0.2 (0.2)  
Body Mass Index [BMI (kg/m2)]    
BMI [Mean (SD)] 22.3 (4.4) 22.2 (4.1) 22.0 (4.1) 
Obese:>30 kg/m2 (%) 8.8 8.9 9.8 
BMI Difference: [Mean (SD)] 3.4 (3.4) 3.2 (3.2) 1.5 (1.7) 
Age: Years [Mean (SD)] 15.6 (1.7) 15.5 (1.6) 15.6 (1.5) 
Sex: Female (%) 49.3 44.1 47.9 
     Number of Total Females 466 158 180 
Race/Ethnicity (%)    
White 64.6 63.3 59.5 
Black 15.0 23.0 18.4 
Hispanic 15.2 11.5 16.2 
Asian 5.3 2.2 6.0 
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Table 4. Regression coefficients (β) for longitudinal difference in Body Mass Index per 1 
kg increase in birthweight difference within pairs, Family Sample 
Body Mass Index Difference 
Number of Pairs   β (95% Confidence Interval) 
Full Siblingsa 
Male-Male  246  0.00 (-0.92, 0.92) 
Female-Female 267  -0.06 (-1.12, 0.99) 
Dizygotic Twinsb  
Male-Male  104  1.28 (-1.03, 3.59) 
Female-Female 85  -0.67 (-2.65, 1.31) 
Monozygotic Twinsc  
Male-Male 107  0.73 (-0.40, 1.86) 
Female-Female 100  2.67 (0.99, 4.35) 
a
 Full Sibling Model: Random effects longitudinal linear regression model adjusted for, , 
age difference between siblings (Ageindex sibling-Ageother sibing), and shared household 
environment (living together [yes/no]). Cluster command adjusted for multiple sibling 
pairs within the same household.   
b
 Dizygotic Twin Model: Random effects longitudinal linear regression model adjusted for 
age, and shared household environment (living together [yes/no]).  
c Monozygotic Twin Model: Random effects longitudinal linear regression model adjusted 
for age and shared household environment (living together [yes/no]).   
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 Figure 2. Adjusted incidence rate ratios (95% CIs) for obesity by birthweight category, 
Longitudinal Cohort.a 
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a
 Incidence rate ratios are derived from a longitudinal, random effects poisson model adjusted 
for age (in years), age squared (in years), sex, race/ethnicity, and parental education, 
stratified by maternal obesity (A) Mother Non-Obese and (B) Mother Obese. 
 
 
 
  
 
 
 
 
V. THE NATURAL HISTORY OF WEIGHT GAIN ACROSS 
ADOLESCENCE AND INTO ADULTHOOD: RISK OF SEVERE 
OBESITY IN ADULTHOOD 
A. ABSTRACT 
In the United States, severe obesity (BMI ≥ 40) prevalence has significantly increased 
and is rising faster than moderate obesity (BMI ≥ 30) prevalence – a worrisome trend given 
the more adverse health and economic consequences of severe obesity.  Yet, little is known 
about how weight status earlier in life predicts severe obesity in adulthood.  The objective of 
this study was to examine how adolescent obesity relates to risk of severe obesity in 
adulthood, and whether sex and race/ethnicity modifies this association.  Measured height 
and weight were obtained from 8,531 individuals enrolled in wave II (1996: 12-21 y) of the 
National Longitudinal Study of Adolescent Health and followed into adulthood [wave III 
(2001-2002: 18-27), and wave IV (2007-2009: 24-33 y)].  Sex-stratified, discrete time hazard 
models were used to evaluate the association between adolescent obesity (<20 y, body mass 
index [BMI] ≥ 95th percentile of the sex-specific BMI-for age growth chart or BMI≥ 30.0) 
and risk of severe obesity incidence in adulthood (≥20 y, BMI ≥ 40.0) as a function of 
adolescent obesity, adjusting for race/ethnicity and age. In 1996, 1.0% of adolescents were 
severely obese. By 2009, 7.9% of non-severely obese adolescents became severely obese, 
with highest rates for non-Hispanic black females and lowest rates for Asian males.  Obese 
adolescents were significantly (Hazard Ratio: 15.9, 95% Confidence Interval 12.4, 20.5) 
more likely to develop severe obesity by their early 30’s than normal weight or overweight 
adolescents.  This association varied by sex, with adolescent obesity predicting a greater risk 
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of incident severe obesity in adulthood for males versus females. Our results suggest that the 
transition from adolescence to adulthood is associated with a substantial increase in incident 
severe obesity.  Earlier preventive efforts to decrease obesity during adolescence will likely 
have positive impact on future risk of severe obesity. 
B. INTRODUCTION 
In the United States, the prevalence of severe obesity has risen substantially in the 
past few decades [13-17] and appears to be rising at a faster rate than moderate obesity [16].  
In 2000, 2.2% of American adults [13], or 4.8 million individuals, were estimated to be 
severely obese [18, 19]. While the condition is prevalent among all race/ethnic, gender and 
age groups, it disproportionately affects women and race/ethnic minorities [13, 14, 17] and is 
associated with increased mortality and morbidity [131, 132].  In 2008, the total medical 
costs attributable to obesity were estimated to be $147 billion [133]; however, the total 
medical costs are approximately 50% higher in individuals with severe obesity compared to 
those with moderate obesity [19].  The adverse health and economic consequences of severe 
obesity emphasize the critical need to address severe obesity.   
There are several treatment options available to manage severe obesity.  Traditional 
approaches such as dieting, exercise, cognitive behavioral, and pharmaceutical approaches 
have only had limited success [21, 22].  Bariatric surgery is the only treatment that has been 
shown to have long-term success [23], but is not without serious complications and costs 
[134].  Given the lack of reasonably affordable and successful treatment options, predicting 
who is at risk and timing of risk is critical.  While previous studies show that childhood 
obesity persists and tracks into adulthood [135], less is known about how earlier weight 
status influences future development of severe obesity. Most epidemiological research on 
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severe obesity comes from repeated cross-sections, such as NHANES [1, 14, 17], or from 
databases using self-reported height and weight, such as BRFSS [13, 15, 16]. Such sources 
are not well-suited to understand natural history of adolescent weight gain and how earlier 
weight status predicts severe obesity onset.   
To address these gaps, we used data from a U.S. nationally representative, 
prospective study to determine future risk of severe obesity based on adolescent weight 
status. Further, we are interested in determining when during adulthood the risk of severe 
obesity incidence is highest as a function of adolescent weight status. We hypothesized that 
obese adolescents would be significantly more likely to develop severe obesity in adulthood 
than normal or overweight adolescents, with variation in risk by sex and race/ethnicity.  
Given obesity disparities between white and black females, we hypothesized highest risk of 
adult severe obesity among black females who were obese during adolescence.     
C. METHODS 
NATIONAL LONGITUDINAL STUDY OF ADOLESCENT HEALTH 
Add Health is a cohort of adolescents (20,745, aged 11-20 years), representative of 
the U.S. school population in grades 7 to 12 in 1994-95 (wave I) who are followed into 
adulthood.  Wave II (1996, n = 14,738) included wave I adolescents still of school-age 
(including those currently in high school and high school drop outs).  Wave III (2001-2002, 
n= 15,197) and wave IV (2008-2009, n=15,601) followed all wave I respondents, regardless 
of wave II participation.  Survey procedures have been described elsewhere and were 
approved by the Institutional Review Board at the University of North Carolina at Chapel 
Hill [108].   
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MEASURES 
 Weight and height were measured in waves II-IV, during in-home surveys using 
standardized procedures.  BMI [kg/m2] and BMI percentiles from measured height and 
weight were derived for age and gender using the CDC growth charts [136].  Given that 
adolescent BMI (wave II, 1996) was not linearly associated with incident severe obesity, we 
categorized BMI into normal weight, overweight, obese and severe obesity categories 
according to the recommended definitions for comparability across adolescence and 
adulthood (Table 5) [110].  Respondents who exceeded scale capacity (wave III: 330 lbs, 
n=12, wave IV: 440 lbs, n=2) were classified as severely obese.  Incident severe obesity in 
adulthood was classified as non-severe obesity at adolescence (wave II) and severe obesity at 
adulthood (wave III or IV, 2001-2009).   
Age was recorded as the respondent’s age on the date of exam.  Age at onset of 
severe obesity was defined as the age at the wave in which the individual was initially 
classified as severely obese.  We observe a non-linear relationship between age at onset of 
severe obesity and the development of severe obesity in young adulthood; thus, we 
categorized age at onset of severe obesity as: <20 (referent), 20–24.9, 25-29.9, and ≥30 years.   
Consistent with previous Add Health research [104, 105], race/ethnicity was obtained from a 
combination of in-home surveys from parents and adolescents and categorized as non-
Hispanic white, non-Hispanic black, Hispanic (Cuban, Puerto Rican, Central/South 
American, Mexican, Other Hispanic), or Asian-American (Chinese, Filipino, Other Asian).   
ANALYTIC SAMPLE 
We used data from the initial 14,738 participants measured at Wave II, with a total 
possible 29,476 observations spanning 1996 (wave II) to 2009 (wave IV).  We excluded 
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participants of Native American race/ethnicity (n = 45) or those who were missing: sampling 
weights (n = 3,699) needed to correct for non-response bias and sample design; height and 
weight data at wave II (n = 46), III or IV (n = 436); or race (n = 74); individuals who were 
underweight (n = 1,381) because they represent a different phenotype, and females who were 
pregnant at baseline (n = 144). Further, given our interest in incident severe obesity, we 
excluded individuals who were severely obese (n = 79) at baseline. The final analytic sample 
included all available exposure, outcome and covariate data across waves II, III, and IV, 
totaling 15,598 observations across 8,834 individuals.  Our analytical sample included 
significantly more whites, older individuals, and individuals of higher parental education 
than those excluded.  
STATISTICAL ANALYSES 
 Statistical analyses were conducted using Stata (Release 10.1, Stata Corporation, 
College Station, TX). To account for the stratified sampling strategy, clustered sampling 
design, and non-response bias [137, 138], sample weights and survey analysis techniques 
were used in all analyses. All results are nationally representative of adolescents who were 
enrolled in grades 7-11 in 1994 and followed into adulthood.  
Percentages were calculated for categorical variables, while means were calculated 
for continuous variables. We used an F-statistic to compare the proportion of individuals with 
severe obesity during adolescence, those with incident severe obesity in adulthood, and those 
who did not develop severe obesity during the study period.  For race/ethnic differences 
within sex, we applied the Bonferroni correction for multiple comparisons (p = 0.0167).   
 We used discrete-time hazard models with a complementary log-log link, a survival 
analysis model, to determine the relationship between adolescent obesity and incident severe 
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obesity in adulthood.  Discrete time hazard models are analogous to continuous time Cox 
proportion hazards model, but are more appropriate when the outcome is only ascertained at 
periodic measurements, which is the case with longitudinal cohort data [139, 140].  In our 
data, we do not know the exact date of incidence of severe obesity, but know that the 
particular discrete time interval based on the exam dates and obesity data.  We conditioned 
our discrete time hazard models on time as a unit of analysis with age at exam during which 
severe obesity is first recorded as the primary time variable in all models. We calculated age-
specific hazard ratios (HRs [incidence rate ratios]) for the probability of becoming severely 
obese during a given age range, conditioned on no severe obesity at the beginning of that 
interval.  Of note, we assumed that once individuals became severely obese, they remained 
severely obese and no longer contributed to our analysis.   
Given our main interest in understanding the natural history of weight gain across the 
transition from adolescence to adulthood, we developed a parsimonious model to describe 
the relationship between adolescent obesity (vs. non-obesity [referent]) and risk of severe 
obesity in adulthood.  We tested a three-way interaction between adolescent obesity, 
race/ethnicity, and sex using Wald Tests (p=0.10), finding borderline significant effect 
modification (p=0.14).  Despite borderline significance, differences in the associations across 
race/ethnicity are clinically important given the race/ethnic disparities in the prevalence of 
obesity and its co-morbidities. Thus, our final models were sex-stratified and included 
interactions between adolescent obesity and race/ethnicity.  We also examined effect measure 
modification by: 1) birth cohort with adolescent obesity and 2) age at onset of severe obesity 
with race/ethnicity; neither showed effect modification. Further, birth cohort was not a 
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confounder (change in main exposure coefficients >10%) and was thus not included in the 
final models.   
Given the observed differences in severe obesity for white versus black females, we 
used similar discrete-time hazard models to calculate hazard ratios for the probability of 
becoming severely obese by adolescent weight status (normal weight [referent], overweight, 
and obese) for whites and blacks.  We used the coefficients from the final models to estimate 
the predicted probability (predicted incidence rate) of incident severe obesity in adulthood 
within specific age ranges. 
D. RESULTS 
Over the 13 year period between adolescence (wave II) and adulthood (wave IV), a 
total of 702 incident cases of severe obesity in adulthood were observed across 8,834 
participants (Table 6). Of note, 79 (1%) of respondents were classified with severe obesity at 
the baseline adolescent exam and thus were censored in our statistical analyses. Of these 
individuals with severe obesity at baseline, 70.5% remained severely obese in adulthood. At 
the baseline exam, the adolescents with adult incident severe obesity had higher baseline 
BMI and were older, with variation across sex and race/ethnicity. 
Using multivariate complementary log-log discrete hazard models, we found a 
significant association between obesity during adolescence and incident severe obesity in 
adulthood (Table 7).  Obese adolescents were significantly more likely to develop severe 
obesity than normal or overweight adolescents (hazard ratio [HR], 15.6; 95% confidence 
interval [CI], 12.1 – 20.0).  While males had higher HR for severe obesity in adulthood than 
females, the incidence of severe obesity in adulthood was higher among females (Table 6). 
Thus, the male-female differences in risk must be interpreted cautiously.   
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For illustration, we used the coefficients from the discrete-time hazard models (Table 
7), to obtain predicted incidence rates of severe obesity in adulthood across specific age 
groups (Figure 3).  For females who were obese as adolescents, the highest rate of incident 
severe obesity in adulthood was between 20 and 24.9 years of age. As the sample aged there 
was lower rate of incident severe obesity.  For obese adolescent males, the rate of severe 
obesity in adulthood was similar over time.     
Given that almost twice as many black females, relative to all other race/ethnic and 
sex groups, became severely obese during the study period, we were interested in examining 
these differences more carefully. To this end, we conducted parallel discrete-time hazard 
models across adolescent obesity and overweight (versus normal weight) for whites and 
blacks (Figure 4).  Given small numbers, we were unable to split Hispanics and Asians into 
these additional weight categories.  We observed considerable differences in predicted 
incidence rates of severe obesity onset during adulthood in the obese and overweight 
categories, particularly for black females. 
E. DISCUSSION 
Taking advantage of a national representative, longitudinal dataset, we observed high 
rates of incident severe obesity, with interesting nuances by sex and race/ethnicity.  In 
particular incident severe obesity was highest for black females (15.0%) and lowest for Asian 
males (1.3%). Our nationally representative estimates suggest approximately 125,000 
individuals were severely obese during adolescence, while another 1 million adolescents 
became severe obesity by the time they reached their early 30’s.  While adolescents who 
never developed severe obesity gained an average of 5.1 BMI units over the 13-year study 
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period, adolescents who developed severe obesity in adulthood gained an average of 14.2 
BMI units over the 13-year study period.   
Obesity during adolescence increased risk of severe obesity in adulthood, with 
stronger effects in males. However, this modification in risk may reflect differences in the 
overall incidence of severe obesity in adulthood, with females experiencing higher incidence 
than males.  There were also significant sex differences in the timing of severe obesity onset.  
Obese adolescent females had the highest rate of incident severe obesity during their early 
adult years (20-24.9 years of age), and the risk of incident severe obesity decreased with age.  
In contrast, for obese adolescent males, incident obesity risk was similar across all of the 
adult years.  It is possible that sex differences might relate to biological factors related to 
obesity during critical periods of development, such as during pubertal maturation. This is an 
area with great potential for future research.    
Of interest, incident severe obesity risk was also associated with being overweight 
during adolescence, with similar pattern of variation across sex and race/ethnicity. Using the 
larger sample sizes of black and white respondents, further investigation showed that black 
females who were overweight during adolescence were at greater risk for severe obesity 
incidence in adulthood than white females.     
Recent findings from other large, population based studies suggest that the prevalence 
of obesity appears to be leveling off for US adults, children and adolescents [1, 141].  
However, there continues to be significant increases in the prevalence of severe obesity [16, 
17].  While these repeated cross-sectional data provide invaluable information regarding 
prevalence of severe obesity, prospective, longitudinal data are needed to identify individuals 
who are at highest risk for severe obesity and determine the periods when risk is greatest.  
50 
 
Our findings suggest that in all sex and race/ethnic groups, obesity and overweight during 
adolescence confers substantially increased likelihood of incident severe obesity in 
adulthood. This risk is particularly high for black females. Given the notable health and 
economic consequences of severe obesity, early prevention of overweight and obesity during 
the adolescent years is imperative for preventing future severe obesity.  In particular, 
prevention efforts should be focused on black females, who appeared at greatest risk for 
incident severe obesity in adulthood.  
 There are a few limitations to this analysis.  Our aim was to investigate the natural 
history of weight gain in the transition from adolescence to adulthood on the risk of severe 
obesity in adulthood. We did not adjust our results for a number of potential confounding 
factors, instead opting for parsimonious models given the fact that adolescent weight 
represents a confluence of genetic, environmental, social, and behavioral factors.  Our 
analysis is a critical first step, but future research should address the specific factors 
associated with onset of severe obesity.  Further, we were unable ascertain the exact date of 
severe obesity onset.  Rather, we assumed that the age at the exam visit that severe obesity 
was initially classified was the true age at severe obesity onset.  We conducted a sensitivity 
analysis with an alternative classification using the age at the mid-point between the two 
waves of measurement, which resulted in less conservative hazard ratios and predicted 
probabilities.  However, given that severe obesity is still a relatively rare outcome in our 
population, we believe that a conservative estimate, using age at the exam that severe obesity 
was initially classified is a more appropriate assumption.  A further limitation is our use of 
conventional, albeit somewhat arbitrary cutpoints for severe obesity.  Several methods have 
been proposed to characterize extreme BMI values in children, but there is no consensus 
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definition of severe obesity [101, 142].  We used ≥120% of the 95th percentile to classify 
severe obesity, since extrapolations beyond the CDC lamda-mu-sigma parameters (≥99th 
percentile) do not fit the empirical data well [101].   Additionally, there are discrepancies 
between adolescent and adult cut-points for classification of severe obesity given the 
recommendation for use of pediatric reference curves during the adolescent period [143] in 
contrast to the adult cutpoints during adulthood [144].  Thus, we classified severe obesity 
using the same rationale proposed by Must et al [110], which provides comparable 
classification across the pediatric reference curves and the adult cutpoints for overweight and 
obesity.  While we used BMI≥120% of 95th percentile or BMI≥40 to classify severe obesity 
in adolescence using the Must et al. premise, all severely obese adolescents met the 
classification for severe obesity using BMI≥120% of 95th percentile.  We acknowledge that 
the metabolic consequences of obesity and severe obesity exist on the continuum of BMI 
values, however, cutpoints are needed for clinical and practical purposes [145].  Finally, our 
results may be conservative estimates given that our analytic sample consisted of a higher 
proportion of whites and individuals whose parents had greater than a high school education 
than those not included in our analyses. 
Despite the limitations of this study, most research in this area has been limited to 
cross-sectional data derived from exclusively pediatric or adult populations and has not 
followed individuals prospectively, nor have earlier studies adequately captured the transition 
from adolescence to young adulthood, a period of the lifecycle associated with substantial 
weight gain [5, 59]. The strengths of our study include use of a large, nationally 
representative cohort followed over a 13-y time span, providing valuable information 
regarding the development of severe obesity. While severe obesity is still relatively rare in 
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pediatric populations, there is increasing prevalence of severe obesity with age.  Our study 
makes an important contribution in understanding the risk for adult severe obesity based on 
overweight and obesity during adolescence.  To the best our knowledge, no other study has 
examined the association between adolescent weight and adult-onset severe obesity, and 
whether this association varies with sex, age, and race/ethnicity.   
Our longitudinal, nationally representative and ethnically-diverse data capture the 
transition from adolescence to adulthood and suggest an upward trend in severe obesity 
incidence for males and females and for most race/ethnic groups. The public health 
implications of these observed trends are concerning given the co-morbidities and chronic 
disease associated with severe obesity [14, 132, 146]. While we have known the tendency for 
obesity to persist from adolescence to adulthood, our study provides evidence for the 
translation of earlier weight patterns to severe obesity in adulthood.  There is a critical need 
for preventive strategies prior to adulthood, particularly among black females.  
 Table 5. BMI Classifications for Adolescence (Wave II [1996]) and Adulthood (Waves III [2001-2002] and IV [2007-
2009]) 
  Adolescence Adulthood[144] 
Underweight BMI ≤ 5th percentile                                                                  
or BMI ≤ 18.5a 
BMI ≤ 18.5 
Normal 5th percentile<BMI<85th percentile                              
or 18.5<BMI<25 
18.5<BMI<25 
Overweight 85th percentile≤BMI<95th percentile                            
or 25≤BMI<30b[110] 
25≤BMI<30 
Obesity 95th percentile≤BMI<120% of 95th 
percentile                           or 
30≤BMI<40b[110] 
30≤BMI<40 
Severe Obesity BMI≥120% of 95th percentile[101]                                          
or BMI≥40b 
BMI≥40
a Whichever value is larger 
b Whichever value is smaller 
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Table 6. Selected Baseline Characteristics of Participants from the National Longitudinal Study of Adolescent Health, by 
Longitudinal Severe Obesity Status  (n = 9,091 Individuals; measured at adolescence, Wave II [1996], and in adulthood: Wave 
III [2001-2002], and Wave IV [2007-2009])a 
Excluded from Analytic Sample                                         
(Severe obesity in adolescence)bc 
Included in Analytic Sample                                          
(No severe obesity in adolescence) 
No Severe Obesity at 
Wave IV 
Persistent Severe 
Obesity from Wave II 
to Wave IV 
  
No Severe Obesity in 
adulthood (Censored) 
Incident Severe Obesity 
in adulthood (Observed 
Events) 
    n = 19 n = 60   n = 8,131 n  = 703 
Age (y) [mean (SE)] 16.5 (0.3) 15.3 (0.4)   16.5 (0.1) 16.7 (0.1) 
Males [% (SE)] n = 11 n = 25 n = 3,991 n = 260 
White  64.2 (20.0)g 82.4 (7.4)g   70.3 (3.0) 68.9 (5.0) 
Black  N/Af 13.5 (7.0)g   14.5 (2.1) 18.3 (3.7) 
Hispanic  35.4 (20.1)g 4.1 (2.9)g   11.3 (1.8) 12.1 (3.1) 
  Asian  0.4 (0.4)g N/Af   3.9 (0.8) 0.7 (06) 
Females [% (SE)] n = 8 n = 35 n = 4,140 n = 443 
White  40.5 (19.4)g 52.2 (12.9)g   70.8 (3.0) 61.2 (4.9) 
Black  29.4 (21.3)g 29.9 (11.2)g   15.2 (2.1) 26.2 (4.2) 
Hispanic  30.2 (23.4)g 17.9 (7.1)g   11.3 (1.7) 10.5 (2.3) 
  Asian  N/Af N/Af   2.7(0.7)  2.2 (1.6) 
Adolescent Body Weight  
BMI [mean (SE)] 35.7 (0.9) 39.6 (0.8)   22.7 (0.1) 28.8 (0.2) 
Overweight [% 
(SE)]d 0 0   18.0 (0.6) 25.6 (2.4) 
Obese [% (SE)]e 0 0   6.4 (0.4) 57.6 (2.8) 
  
Severely Obese [% 
(SE)] 100 100   0 0 
Abbreviations: BMI, body mass index, calculated as weight in kilograms divided by height in meters squared 
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a
 All results were weighted for national representation, and the standard errors were corrected for multiple stages of cluster 
sample design and unequal probability of selection. 
b
 Adolescent (<20 y) severe obesity defined as defined as 120% of the 2000 NCHS/CDC growth chart age- and sex- specific 
BMIs ≥ 95th percentile cut point.  Adult (≥ 20 y) severe obesity defined as BMI ≥ 40.   
c
 Individuals who were classified with severe obesity in wave II were excluded from further analysis due to left-censoring.   
d
 Adolescent (<20 y) overweight defined as defined using the 2000 NCHS/CDC growth chart age- and sex- specific  
85th≥BMIs<95th percentile cut point or 25≥BMI<30.  Adult (≥20 y) overweight defined as 25≥BM<30.   
e
 Adolescent (<20 y) obesity defined as defined using the 2000 NCHS/CDC growth chart age- and sex- specific  
95th≥BMIs<120% of 95th percentile cut point or 30≥BMI<40.  Adult (≥20 y) obesity defined as 30≥BM<40.   
f No observations 
g
 Proportions should be interpreted with caution due to small sample size  
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Table 7. Association between Adolescent Obesity (wave II [1996]) and Incident Severe 
Obesity in Adulthood (Wave III [2001-2002] and Wave IV [2007-2009]).a The National 
Longitudinal Study of Adolescent Health, n = 15,598 observations across 8,834 
Individuals  
    HR (95% CI) 
Total (n = 15,598) 15.9 (12.4, 20.5) 
Males (n = 7,638) 
White (n = 4,374) 21.1 (12.9, 34.7) 
Black (n = 1,498) 29.2 (17.4, 48.8) 
Hispanic (n = 1,232) 28.0 (15.2, 51.8) 
  Asian (n = 534) 6.6 (1.8, 23.7)b 
Females (n = 7,960) 
White (n = 4,482) 16.7 (11.2, 24.9) 
Black (n = 1,812) 18.1 (12.1, 27.0) 
Hispanic (n = 1,261) 16.1 (9.6, 27.1) 
  Asian (n = 405) 12.5 (6.7, 23.4)b 
Abbreviations: HR, hazard ratio; CI, confidence interval 
a
 Hazard ratios (incident rate ratios) and 95% confidence intervals were obtained from 
sex-stratified, multivariate discrete-time hazard regression models predicting incident 
severe obesity by adolescent obesity (obese vs. non-obese [referent]) adjusted for age 
(categorized:<20, 20-24.9, 25-29.9, ≥30 years), race (White, Black, Hispanic, Asian), and 
the interaction terms for race X adolescent obesity.  
b
 Estimates unstable due to small sample size (<10 individuals in referent category) 
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Figure 3. Predicted Incidence Rate of Becoming Severely Obese in a Specific Age Range 
by Adolescent Obesitya, A) Males and B) Females 
 
 
 
a Predicted incidence rates were obtained from sex-stratified, multivariate discrete-time 
hazard models predicting onset of severe obesity by adolescent obesity (obese versus non-
obese [referent]) adjusted for age. 
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Figure 4. Predicted Incidence Rate of Becoming Severely Obese in a Specific Age Range 
by Adolescent BMIa, A) White Females, B) Black Females, C) White Males, and D) Black 
Males 
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a Predicted incidence rates were obtained from sex-stratified, multivariate discrete-time 
hazard models predicting onset of severe obesity by adolescent BMI (obese and overweight 
versus non-obese [referent]) adjusted for age, race, and the interaction terms for race X 
adolescent BMI. 
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VI. DIABETES IN ADULTHOOD: THE NATIONAL 
LONGITUDINAL STUDY OF ADOLESCENT HEALTH 
A. ABSTRACT 
The objective of this study is two-fold.  First, we aim to determine the prevalence of 
diagnosed and undiagnosed diabetes by race/ethnicity.  Second, given that the differential 
and/or cumulative effects of obesity (BMI≥30) across different life course periods on 
diabetes are not well understood, we sought to determine the separate associations between 
obesity timing and duration with prevalent diabetes in young adulthood. We used data from 
10,481 ethnically diverse participants enrolled in the National Longitudinal Study of 
Adolescent Health and followed over 13 years (wave II [1996: age 12-21 years], wave III 
[2001-2002: age 18-27 years] and wave IV [2007-2009: age 24-33 years]) to ascertain 
diabetes [glycosylated hemoglobin ≥6.5% and/or self-reported diabetes diagnosis by a health 
care provider].  We observed that 4.5% of 24-33 year olds had diabetes, with half of these 
cases being undiagnosed.  Blacks and Hispanics had a significantly higher prevalence of 
undiagnosed diabetes than whites.  Second, we used separate logistic regression models to 
examine the association between diabetes in adulthood with obesity timing (never obese, 
adolescent obesity, adult onset obesity [referent]) and duration from adolescence to 
adulthood (never obese, incident obesity [referent], fluctuating obesity, and persistent 
obesity), testing whether these relationships varied by sex and race/ethnicity. Females who 
became obese in adolescence were more likely to have diabetes than females who became 
obese in adulthood (OR = 2.36; 95% CI: 1.45–2.07), which remained significant after 
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accounting for current body mass index (BMI), waist circumference (WC), and age at 
menarche.  In whites and blacks persistent obesity predicted diabetes in adulthood.  Our 
findings highlight the need for diabetes awareness and screening in at-risk populations, 
particularly in blacks.  Further, results suggest that obesity timing and duration across 
adolescence and adulthood may be significantly associated with diabetes in adulthood 
highlight the need for diabetes intervention prior to adolescence, with a specific need to 
address pediatric obesity.   
B. INTRODUCTION 
The prevalence of diabetes has risen substantially over the last few decades, and 
disproportionately affects race/ethnic minorities [62, 63]. This disease is associated with 
increased rates of mortality [64] and morbidity from neuropathy, retinopathy, nephropathy, 
and cardiovascular disease [64, 65].  In 2007, 24 million Americans had diabetes, of which 
nearly 6 million were undiagnosed cases [61]. The total cost of diabetes in 2007 was 
estimated to be $174 billion [67] and this economic burden is likely to escalate over time.  
The adverse health and economic consequences, combined with significant race/ethnic 
disparities and high proportion of undiagnosed diabetes, emphasize the critical need to 
address this disease.   
While current obesity is a salient determinant of type 2 diabetes, a history of obesity 
during childhood [78, 79] and earlier adulthood [70] also increase diabetes risk later in life.  
The potential differential and/or cumulative effects of obesity during different periods of life 
on the development of diabetes are not well documented.  In particular, adolescence may be a 
sensitive period for the development of diabetes given the substantial decreases in insulin 
sensitivity associated with pubertal development [80-82].  Obesity during this potentially 
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sensitive period may further alter insulin metabolism and thereby increases the risk of 
diabetes later in life.  In addition to timing, obesity duration may elicit additional metabolic 
changes that increase risk of future diabetes [83, 84].  Obesity affects both insulin sensitivity 
and insulin secretion [83, 84].  Initially, pancreatic β-cells may increase insulin release to 
overcome the reduced efficiency of insulin action [83, 84].  However, over time, β-cells may 
no longer able to sufficiently compensate for decreased insulin sensitivity, which may 
ultimately lead to the development of diabetes [83, 84]. Yet, epidemiologic research 
specifically examining the relationship between duration of obesity with diabetes in 
adulthood has yielded inconsistent results [85-91].  A better understanding of the relationship 
of obesity timing and duration to diabetes in adulthood is needed to determine important 
periods for diabetes intervention.   
 Our objectives were two-fold.  First, given the high proportion and public health 
implications of diagnosed and undiagnosed diabetes, we sought to examine race/ethnic 
differences in prevalence of diabetes using a nationally, representative longitudinal cohort of 
young adults.  Second, we separately examined the associations between obesity timing and 
duration from adolescence to adulthood with diabetes in adulthood and tested whether these 
associations varied by sex and race/ethnicity.  Specifically, we determined whether obesity 
timing was associated with diabetes, hypothesizing that independent of current size, 
individuals who experienced adolescent (versus adult) obesity would be more likely to have 
diabetes in adulthood.   Additionally, we determined the association of obesity duration 
across adolescence and adulthood to diabetes in adulthood, hypothesizing that individuals 
with persistent obesity would be more likely to have diabetes than individuals with incident 
obesity or those who were never obese.  
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C. METHODS 
NATIONAL LONGITUDINAL STUDY OF ADOLESCENT HEALTH 
The National Longitudinal Study of Adolescent Health (Add Health) is a cohort of 
adolescents (20,745; age 11-20 years), representative of the U.S. school population in grades 
7 to 12 in 1994-95 (wave I) and followed into adulthood.  Wave II (1996; n = 14,738; age 12-
21 years) included wave I adolescents who had not graduated from high school, even if they 
had dropped out of high school.  Wave III (2001-2002; n= 15,197; age 18-27 years) and 
wave IV (2008-2009; n=15,601; age 24-33 years) followed all wave I respondents, regardless 
of wave II participation.  Survey procedures have been described elsewhere and were 
approved by the Institutional Review Board at the University of North Carolina at Chapel 
Hill [108].   
Our primary inclusion criterion was that respondents were seen at wave IV 
(n=15,601). We excluded individuals without a longitudinal sampling weight (n=801), which 
was needed to correct for non-response bias and sample design [137, 138], ultimately 
resulting in 14,800 eligible individuals.  Additionally, we excluded Native Americans (n=59; 
because of small sample size) and individuals missing the following data: diabetes status at 
wave IV (n=113), measured height and weight at two or more waves (n=1,221 [measured 
data not available at wave I]), family history of diabetes (n=2,839), or demographic data 
(n=87).  Our final analytic sample included 10,481 individuals.   Comparing the 15,601 
eligible participants included in our analytic sample with the missing 5,120, we observed 
significant differences by race/ethnicity, education, age, and sex.   
To assess selection bias, we used inverse probability weighting (IPW), which assigns 
a weight to each subject in our analytic sample so each subject accounts for him/herself in the 
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analysis as well as those with similar characteristics who were not selected into our final 
analytic sample [111, 112]. For each participant, we estimated a weight, proportional to the 
inverse of the probability of being in our analytic sample.  We used two separate 
multivariate, logistic models predicting diabetes at wave IV as a function of obesity (timing 
or duration), race/ethnicity, education, age, and sex, with one model including the IPW and 
the second model not including the IPW.  The β coefficients from the two models were 
nearly identical suggesting an absence of selection bias by race/ethnicity, education, age, and 
sex in our final models.  
MEASURES 
Outcome measure 
At wave IV, diabetes was identified using glycosylated hemoglobin (A1C) ≥6.5% 
(from whole blood spot assays collected from finger pricks) and self-report (where 
individuals were asked “Has a doctor, nurse, or other health provider ever told you that you 
have or had high blood sugar or diabetes [if female, when you were not pregnant]?”).  The 
use of blood spots collected from a finger pricks have achieved the same level of precision 
and reproducibility as other standard methods of collecting blood such as venipuncture [147].  
Diabetes was classified as diagnosed diabetes (self-reported diabetes and A1C ≥6.5%), 
undiagnosed diabetes (no self-reported diabetes, but A1C ≥6.5%), or no diabetes. 
Main Exposures   
Height and weight were measured in waves II-IV during in-home surveys using 
standardized procedures.  As recommended by expert panels, obesity was defined as a BMI≥ 
95th percentile of the age-and sex-specific Centers for Disease Control (CDC) growth 
reference or BMI≥30 kg/m2 for adolescents and BMI≥30kg/m2 for adults [109, 110].  For 
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women pregnant at time of measurement (wave II: n=152; wave III: n=74; wave IV: n=256), 
BMI was coded as missing.   
Obesity timing was determined using the individuals’ age at the wave of initial 
obesity classification and categorized as: 1) never obese, 2) adolescent obesity (defined as 
initial classification of obesity before 18 years of age, and 3) adult obesity was defined as 
obesity onset ≥ 18 years. Obesity duration from adolescence to adulthood was based on 
obesity status at waves II, III, and IV and categorized as: 1) never obese, 2) incident obesity 
(non-obese at baseline and became and remained obese at last exam), 3) fluctuating obesity 
(any shift in classification from obese to non-obese), and 4) persistent obesity (obese at all 
waves).  We selected adult onset obesity and incident obesity as our referent categories 
because of our primary interest in understanding the effect of obesity timing and duration on 
diabetes risk among obese individuals.  We include findings for individuals who were never 
obese to allow comparison of results to other studies.  
Waist circumference (WC), obtained at wave IV, was measured midway between the 
lowest rib and the superior border of the iliac crest at end-expiration.  We defined central 
obesity according to the criteria set by the Third Report of the national Cholesterol Education 
Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in 
Adults (men: ≥40 inches; women: ≥35 inches).  For women pregnant at time of measurement 
(n=256), waist circumference was coded as missing. 
Control measures 
Covariates were measured by traditional survey methods and included age, gender, 
education (less than high school, high school degree, some college, college or more), 
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smoking (non-smoker, former smoker, current smoker), parental history of diabetes (mother 
or father [yes/no]) and race/ethnicity (white, black, Hispanic, Asian).  
STATISTICAL ANALYSIS 
Statistical analyses were conducted using Stata (Release 10.0, Stata Corporation, 
College Station, TX).  To account for the stratified sampling strategy and clustered sampling 
design [138] and non-response bias [137],longitudinal sample weights and survey analysis 
techniques were used in all analyses.  Percentages were calculated for categorical variables, 
while means were calculated for continuous variables.  We used an F-statistic to test 
statistical differences between individuals with diagnosed diabetes, with un-diagnosed 
diabetes, and without diabetes.  
Given the low prevalence of diabetes in our cohort, we collapsed categories of un-
diagnosed and diagnosed diabetes together for multivariate analyses.  We used two separate 
multivariate logistic regression models to examine the association between obesity timing 
and duration with prevalent diabetes.  Effect measure modification by sex was examined 
using interaction terms and Wald tests (p = 0.15).  Since we found evidence of modification 
by sex for the association between obesity timing and prevalent diabetes (p=0.14).  For 
comparability across models, we included interaction terms in all models. Given observed 
race/ethnic disparities for whites and blacks, we also used interaction terms to determine if 
the relationship between body size and diabetes varied in whites versus blacks.  The low 
prevalence of diabetes precluded our ability to examine race/ethnic disparities in Hispanics 
and Asians and to examine a three way interaction between our main obesity exposures, 
race/ethnicity, and sex.  Confounders were retained if they met change-in-estimate criterion 
(>10% change in main effect coefficient) or if they met a conceptual rationale (e.g. sex, age, 
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race/ethnicity, education).  Smoking status did not change the main exposure coefficients, 
thus, was not included in the final models.   
D. RESULTS 
We identified 535 individuals with diabetes, and half of these cases were undiagnosed 
(identified by A1C measurements only) (Table 8).  There were significant race/ethnic 
differences in undiagnosed diabetes.  Among blacks, 9.6% had undiagnosed diabetes, in 
comparison to 0.6% of whites, 2.4% of Hispanics, and 1.5% of Asians (result not shown).  
There were no significant race/ethnic differences for diagnosed diabetes. Among whites, 
2.2% had diagnosed diabetes, in comparison to 2.8% of blacks, 2.8% of Hispanics, and 1.6% 
of Asians (result not shown). 
By young adulthood, 37% of the sample had been classified as obese at least once, 
with significant variation across sex and race/ethnicity (Table 9).  Notably, only 46% of 
black females (relative to 66% of white females) were never classified as obese.  Across all 
sex and race/ethnic groups, the vast majority of individuals who had ever been classified as 
obese became obese in adulthood (results not shown).  A consistently small percentage of 
individuals reversed obesity (changed from being classified as obese to being classified as 
non-obese) over the 13-year period.   
There were significant race/ethnic differences in total diabetes prevalence across 
categories of obesity timing (Figure 5A) and duration (Figure 5B), with blacks and 
Hispanics disproportionately affected.  Individuals with adolescent obesity or persistent 
obesity had the highest prevalence of diabetes.  Notably, 19% of blacks with adolescent 
obesity had diabetes in adulthood compared with 8% of whites.  Similarly, 22% of blacks 
with persistent obesity had diabetes in adulthood compared with 10% of whites.   
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Sex significantly modified the association between obesity timing and prevalent 
diabetes (Wald Test, p=0.14).  Females with adolescent-obesity were twice as likely to have 
diabetes in young adulthood (Table 10) than females who became obese in adulthood.    This 
association remained significant even after controlling for current BMI (Odds Ratio [OR] = 
1.76, 95% Confidence Interval [CI]: 1.0–2.93), current WC (OR=1.77, CI: 1.10–2.84), and 
age at menarche (OR=1.89, CI: 1.09–3.29).  In contrast, in males, adolescent obesity 
(compared to adult-onset obesity) did not confer a greater likelihood of diabetes in adulthood.  
Sex did not modify the association between obesity duration and diabetes (Wald Test, 
p=0.33).   
 There were significant race/ethnic differences in the associations between obesity 
timing (Wald Test, p=0.0001) and duration (Wald Test, p=0.0001) (Table 11) with diabetes 
in adulthood.  Individuals who were never obese were less likely to have diabetes in 
adulthood than those who became obese in adulthood; however, this relationship was 
significantly attenuated in blacks compared to whites (p=0.01). In whites and blacks, 
adolescent obesity did not confer a higher likelihood of diabetes in adulthood relative to 
those who became obese in adulthood.  Persistent obesity conferred a higher likelihood of 
diabetes in adulthood than incident obesity, with similar effect sizes in whites and blacks.  In 
whites, this association remained significant even after controlling for current BMI (OR = 
2.10, 95% CI: 1.24–3.56) and current WC (OR=1.90, CI: 1.15–3.15); however, in blacks, the 
association between persistent obesity and diabetes was no longer significant after 
controlling for current BMI (OR = 1.55, 95% CI: 0.89–2.72) or current WC (OR = 1.44, 95% 
CI: 0.82–2.53).  Sample size limitations precluded multivariate analyses in Hispanics and 
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Asians. However, unadjusted analyses suggest that the relationship between obesity duration 
and prevalent diabetes in Hispanics was similar to that in whites.   
E. DISCUSSION 
Taking advantage of nationally representative data, we observed that 4.5% of our 
study population had diabetes.  This is  higher than recent estimates from NHANES, which 
report that 2.5% of individuals 20-39 years of age have diabetes [62].  From SEARCH, a 
population based study of diabetes, approximately 150,000 children and adolescents were 
estimated to have physician diagnosed diabetes [148].  Our nationally representative 
estimates suggest approximately 400,000young adults between the ages of 24 and 33 have 
diagnosed diabetes, suggesting that the transition from adolescence to adulthood is a 
sensitive period for the development of diabetes.  Additionally, our estimates suggest 
approximately 350,000 U.S. young adults have undiagnosed diabetes, with   a significantly 
higher proportion in blacks.   These results are particularly alarming given the higher levels 
of diabetes complications in race/ethnic minorities compared to whites [149]. Further, our 
findings underscore the need for individual awareness of diabetes risk, for access to health 
care, and for physicians to screen for diabetes in at risk populations.   
While current obesity may indicate diabetes risk [70, 83, 84], history of obesity 
timing and duration may provide additional information about risk.  There is a significant 
association between adolescent obesity and diabetes in adulthood [150, 151], but less is 
known about the direct comparison of the effect of adolescent obesity versus adult-onset 
obesity on diabetes.  Obesity during adolescence may be more deleterious for insulin 
resistance and diabetes than obesity during other periods of the life course.  There are notable 
changes in insulin sensitivity during pubertal development, with the adolescent period one of 
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increased insulin resistance [80-82].  Further, females tend to be more insulin resistant during 
puberty than males [80-82], thus, the effect of obesity during adolescence may elicit 
additional changes in insulin metabolism in females relative to males.  We observed 
significantly higher prevalent diabetes in adulthood among females who were obese as 
adolescents compared to those who became obese in adulthood, even after controlling for 
current size and age at menarche.  Our results suggest that the combined influence obesity 
during adolescence may be particularly deleterious, particularly for females.  It is difficult to 
disentangle whether adolescence represents a sensitive period or whether individuals who are 
obese during adolescence are more likely to be obese for longer durations.  However, given 
that we observe a different relationship between obesity timing versus obesity duration with 
diabetes by sex, our results suggest that obesity during adolescence may be a particularly 
sensitive period for the development of diabetes.  The observed sex differences might relate 
to biological factors related to obesity during pubertal maturation. This is an area with great 
potential for future research.    
Obesity duration may also provide more information about diabetes risk beyond 
current obesity [68, 87, 152, 153].  Prolonged obesity duration may result in additional 
metabolic changes leading to the development of hyperglycemia and diabetes [84, 92].  The 
epidemiologic literature is mixed, while most studies report a positive association between 
obesity duration and diabetes [85, 88, 90, 91], others report null associations [86, 87, 89]. In 
our study, individuals with persistent obesity had the greatest likelihood of diabetes in 
adulthood, even compared to individuals with incident obesity. Yet, we observed attenuated 
risk in blacks relative to whites that must be put in context with the higher proportion of 
diabetes in non-obese blacks relative to that in whites, which is consistent with findings from 
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another large multi-ethnic study [154].  Given that, on average, blacks have lower adiposity 
at similar BMI than whites [155], we speculate that observed ethnic difference in likelihood 
of diabetes is attributed to other factors beyond obesity.  However, further research is needed 
to understand these race/ethnic disparities.   
Our study has several limitations.  First, Add Health uses A1C measurements and 
self-report to classify diabetes.  At this time, the continuous A1C values and diabetes 
medication data are not available for analysis.  Second, in our regression models we 
collapsed all categories of diabetes.  The resulting heterogeneous group of individuals 
includes those with type 1 or type 2 diabetes and individuals with undiagnosed diabetes 
(either type 1 or 2 diabetes).  Unfortunately, data limitations precluded us from disentangling 
individuals with type 1 and type 2 diabetes.  The inclusion of individuals with type 1 diabetes 
may have attenuated our results, although there is increasing evidence suggesting a link 
between obesity and type 1 diabetes [156].  Notably, 59 individuals with diabetes at wave IV 
(by self-report and/or A1C diagnosis) also self-reported diabetes at wave III.  As diabetes 
diagnosis could result in purposeful changes in BMI resulting from diagnosis and/or use of 
medications to improve A1C, we conducted a sensitivity analysis excluding individuals 
classified with diabetes prior to wave IV finding almost identical results.  The small 
proportion of individuals with undiagnosed diabetes precluded separate multivariate analyses 
with this group.  However, the inclusion of individuals with undiagnosed diabetes is not 
likely to change our results as these individuals would not have had purposeful change in 
their weight as a result of diabetes diagnosis.   
  Given the schedule of exams, we were unable to determine exact age at obesity onset 
or the exact duration of obesity.  Instead, we know only the age of a given individual at each 
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wave and that the individual became obese before the Wave II survey, became obese 
between the waves of Add Health, or was not obese at the time of the Wave IV survey.  For 
example, an individual who was 16.1 years of age and obese at wave II, would be classified 
as having adolescent-onset obesity (<18 years).  Whereas, an individual classified as non-
obese at wave III (age 22.5 y) who is then classified as obese at wave IV (age 29.5 y), would 
be categorized as having adult-onset obesity (≥18years).  There were other cases (n=585) in 
which we did not know whether an individual became obese before or after 18 years of age 
(e.g., individuals who was 16.5 years and non-obese at wave II and 21.5 years and obese at 
wave III).  For our main analyses, these individuals were categorized with adult-onset 
obesity.  Given that this classification could bias our results, we conducted a sensitivity 
analysis, whereby we reclassified these individuals as having adolescent-onset obesity.  
Using this reclassification in identical multivariate analyses resulted in larger effect sizes, 
suggesting that our results using the original categorization may be conservative estimates. 
 While we take advantage of rich longitudinal data from a race/ethnic diverse 
population followed over a period of increased risk for weight gain, the small number of 
individuals with diabetes precluded our ability to fully interrogate differences in Hispanics 
and Asians in multivariate analyses.  Nonetheless, our descriptive analyses indicate that 
Hispanics have a higher prevalence of diabetes in adulthood than whites regardless of 
differences in obesity onset and obesity duration. Our results are consistent with findings 
from NHANES cross-sectional data, which examined concurrent BMI and diabetes, finding 
pronounced race/ethnic disparities especially among normal and overweight minorities [157]. 
Our longitudinal data also show race/ethnic differences in the association between duration 
of obesity with diabetes.  This relationship was similar in Hispanics versus whites, but 
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different in blacks versus whites.  To better understand the potentially differential effect of 
obesity on diabetes by race/ethnicity, future research is needed in large, longitudinal, 
population-based studies of ethnically diverse children.  
Despite these limitations, our study has many strengths.  We used a large, ethnically 
diverse, nationally representative cohort, followed over a 13-y time span, to provide valuable 
information regarding the prevalence of diagnosed and diagnosed diabetes by race/ethnicity.  
Further we examine the relationship between obesity over the transition from adolescence to 
adulthood, a particularly sensitive period for development of obesity [5, 59], on diabetes risk 
in adulthood.  Most research examining the relationship between obesity and diabetes has 
been limited to exclusively pediatric or adult populations, thus precluding comparisons of 
adolescent- versus adult-onset obesity in the same individuals followed over time.  Further, 
the few studies [87, 150, 151] examining the association between obesity in the transition 
from adolescence to adulthood with diabetes have used self-report, recalled weight [87, 151] 
or somatotype silhouettes [151] and have been conducted in relatively homogenous 
populations [87, 151].  Finally, we used the most recent recommendations for diagnosis of 
diabetes using A1C [158].   
In conclusion, we observed high rates of undiagnosed diabetes in blacks, which is a 
significant public health concern.  These findings emphasize the need for awareness, 
screening and access to care.  Further, we found that adolescent obesity (versus adult-onset) 
obesity and persistent obesity from adolescence to young adulthood conferred the greatest 
likelihood for diabetes in young adulthood.  Our findings suggest that, in addition to current 
obesity, information on timing and duration of obesity are needed to fully understand and 
predict diabetes risk.  Finally, efforts to prevent diabetes must address pediatric obesity.  
 Table 8. Characteristics of the analytic sample, by diabetes status, National Longitudinal Study of Adolescent 
Health waves II-IV (n = 10,481)a 
  N No Diabetes Undiagnosed Diabetesb 
Diagnosed 
Diabetesb 
Total 
Diabetes 
Total 10,481 95.5 (0.3) 2.1 (0.3) 2.4 (0.2) 4.5 (0.3) 
Race (%) 
    
 
 
White 6,218 72.8 (2.7) 20.4 (4.6) 64.8 (4.9) 43.9 (4.7) 
 
Black 2,096 13.0 (1.8) 64.5 (5.6) 16.8 (3.5) 3.9 (4.8) 
 
Hispanic 1,630 11.2 (1.7) 13.0 (3.6) 16.4 (3.9) 14.8 (2.9) 
 
Asian 537 3.1 (0.7) 2.1 (1.1) 2.0 (1.9) 2.1 (1.2) 
Gender (%) 
    
 
 
Males 4,995 51.4 (0.7) 57.1 (3.9) 46.0 (3.8) 51.2 (2.9) 
 
Females 5,486 48.6 (0.7) 42.9 (3.9) 54.0 (3.8) 48.8 (2.9) 
Age at Wave IV (Mean [years]) 10,481 28.6 (0.1) 29.1 (0.3) 29.1 (0.2) 29.1 (0.2) 
Education at Wave IV (%) 
    
 
 
Not a high school graduate 2,364 25.0 (1.4) 33.0 (5.0) 36.0 (3.7) 34.5 (3.3) 
 
High school graduate 4,520 42.5 (0.9) 45.6 (4.7) 45.4 (3.8) 45.5 (3.2) 
 
Some college 2,202 20.4 (1.1) 11.0 (2.6) 12.1 (2.7) 11.6 (1.9) 
 
College graduate 1,395 12.1 (0.9) 10.4 (3.3) 6.5 (2.3) 8.4 (2.0) 
Parental History of Diabetes 
    
 
 
No 9,602 92.0 (0.5) 85.2 (3.0) 77.2 (2.8) 81.0 (2.1) 
 
Yes 879 8.0 (0.5) 14.8 (3.0) 22.8 (2.8)  19.0 (2.1) 
Obesity Timingd (%) from baseline to final follow-up (Waves II, III, and IV [%])  
 
Never Obese 6,582 64.5 (0.9) 35.5 (4.2) 29.5 (3.5) 32.3 (2.8) 
 
Adolescent Obesity  
(<18 years) 827 8.1 (0.5) 20.6 (3.9) 19.1 (3.0) 
19.8 (2.5) 
 
Adult Onset Obesity 
 (≥18 years) 3,072 27.4 (0.8) 43.9 (4.8) 51.4 (3.5) 
47.9 (3.0) 
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Obesity Duratione from baseline to final follow-up (Waves II, III, and IV [%])  
Never Obese 6,582 64.5 (0.9) 35.5 (4.2) 29.5 (3.5) 32.3 (2.8) 
Incident Obesity 2,244 20.8 (0.6) 25.9 (3.9) 30.6 (3.7) 28.4 (2.7) 
Fluctuating Obesity 331 3.3 (0.3) 1.4 (0.7) 3.0 (1.0) 2.3 (0.7) 
Persistent Obesity 1,324 11.4 (0.6) 37.2 (4.4) 36.9 (3.8) 37.0 (2.8) 
Adult Weight Status at final follow-up (Wave IV [%])  
 
Normal (BMI<25) 3,562 36.3 (0.9) 12.7 (2.7) 15.6 (2.8) 14.2 (2.0) 
 
Overweight  (25≤BMI<30) 3,036 30.0 (0.8) 23.6 (4.1) 14.6 (2.5) 18.9 (2.4) 
 
Obesity (30≤BMI<40) 2,743 26.1 (0.7) 35.0 (3.8) 46.1 (4.2) 40.8 (3.1) 
 
Severe Obesity (BMI≥40) 883 7.5 (0.5) 28.7 (4.6) 23.7 (3.5) 26.1 (3.0) 
 
Missingc 257 
   
 
Adult Waist Circumference at final follow-up (Wave IV [%])  
 
Normal (men: <120cm; 
women: <88cm) 5,381 55.3 (0.9) 31.2 (4.2) 25.2 (3.3) 
28.1 (2.7) 
 
Elevated 4,768 44.7 (0.9) 68.8 (4.2) 74.8 (3.3) 71.9 (2.7) 
 
Missingc 322 
   
 
a
 Standard errors are in parentheses. All results were weighted for national representation, and the standard 
errors were corrected for multiple stages of cluster sample design and unequal probability of selection. 
Diabetes status obtained in adulthood (wave IV).  
 
b
 Diagnosed diabetes defined as self-reported diabetes and A1C≥6.5%.  Undiagnosed diabetes defined as but 
A1C ≥6.5% with no self-report of diabetes. 
c
 256 women have missing adult weight status/waist circumference because they were pregnant at the time of 
measurement.   
d
 Timing of obesity was determined using the individuals’ age at the wave of initial obesity classification and 
categorized as: 1) never obese, 2) adolescent obesity ( defined as initial classification of obesity before 18 
years of age, and 3)adult obesity was defined as obesity onset ≥ 18 years. 
e
 Obesity duration from adolescence to adulthood was based on obesity status at waves II, III, and IV and 
categorized as: 1) never obese, 2) incident obesity (any shift in classification from non-obese to obese), 3) 
fluctuating obesity (non-obese at baseline and became and stayed obese) , and 4) persistent obesity (obese at 
all waves).   
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Table 9. Longitudinal obesity characteristics by sex and race/ethnicity, National 
Longitudinal Study of Adolescent Health, waves II-IV (n=10,481)a 
    Whites Blacks Hispanics  Asians 
Males         
Obesity Timing (%)b 
 
Never Obese 64.1 (1.2) 64.1 (2.3) 58.0 (3.1) 73.6 (5.0) 
 
Adolescent Obesity (<18 
years) 9.8 (0.8) 9.2 (1.3) 9.8 (1.6) 7.1 (1.8) 
 
Adult Onset Obesity (≥18 
years) 26.1 (2.1) 26.7 (2.1) 32.2 (2.6) 19.4 (4.4) 
Obesity Duration (Waves II, III, and IV [%])c 
Never Obese 64.1 (1.2) 64.1 (2.3) 58.0 (3.1) 73.6 (5.0) 
Incident Obesity 19.5 (0.8) 19.3 (1.7) 24.5 (2.2) 15.6 (3.8) 
Fluctuating Obesity 3.8 (0.4) 2.3 (0.7) 4.2 (1.4) 1.1 (0.5) 
Persistent Obesity 12.6 (0.9) 14.0 (1.3) 13.3 (1.6) 9.8 (2.7) 
Females         
Obesity Timing (%)b 
 
Never Obese 66.2 (1.4) 45.7 (2.3) 54.9 (3.0) 82.0 (5.0) 
 
Adolescent Obesity (<18 
years) 6.8 (0.7) 11.6 (1.3) 9.1 (2.0) 2.4 (1.0) 
 
Adult Onset Obesity (≥18 
years) 27.0 (1.1) 42.7 (2.1) 36.0 (3.1) 15.6 (4.3) 
Obesity Duration (Waves II, III, and IV [%])c 
Never Obese 66.2 (1.4) 45.7 (2.3) 54.9 (3.0) 82.0 (5.0) 
Incident Obesity 20.2 (0.9) 31.2 (2.0) 27.6 (2.6) 12.3 (3.8) 
Fluctuating Obesity 2.9 (0.4) 2.4 (0.6) 3.9 (1.1) 1.9 (0.8) 
  Persistent Obesity 10.8 (0.9) 20.7 (1.8) 13.6 (2.4) 3.8 (1.6) 
a
 Standard errors are in parentheses. All results were weighted for national representation, 
and the standard errors were corrected for multiple stages of cluster sample design and 
unequal probability of selection.  
b
 Timing of obesity was determined using the individuals’ age at the wave of initial obesity 
classification and categorized as: 1) never obese, 2) adolescent obesity (defined as initial 
classification of obesity before 18 years of age, and 3)adult obesity was defined as obesity 
onset ≥ 18 years. 
c  Obesity duration from adolescence to adulthood was based on obesity status at waves II, 
III, and IV and categorized as: 1) never obese, 2) incident obesity (any shift in 
classification from non-obese to obese), 3) fluctuating obesity (non-obese at baseline and 
became and stayed obese), and 4) persistent obesity (obese at all waves).   
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Table 10. Adjusted odds ratios (95% CIs)a from separate logistic regression models predicting prevalent diabetes in 
young adulthood (wave IV, 2007-2009) as a function of: 1) obesity timing and 2) obesity duration, stratified by sex, 
National Longitudinal Study of Adolescent Health, waves II-IV (n=10,481) 
    Total Males Females 
Obesity Timingbd 
Never Obese 0.35 (0.27–0.47) 0.33 (0.22–0.50) 0.37 (0.26–0.55) 
Adolescent Obesity (<18 years) 1.74 (1.19–2.53) 1.25 (0.72–2.15) 2.38 (1.49–3.82) 
Adult Onset Obesity (≥ 18 years) Referent Referent Referent 
Obesity Duration (Waves II, III, and IV)c  
Never Obese 0.43 (0.31–0.59) 0.42 (0.26–0.68) 0.43 (0.28–0.65) 
Fluctuating Obesity 0.57 (0.29–1.11) 0.29 (0.11–0.77) 0.96 (0.41–2.25) 
Persistent Obesity 2.27 (1.63–3.14) 2.29 (1.44–3.61) 2.24 (1.43–3.50) 
Incident Obesity Referent Referent Referent 
a
 Adjusted logistic regression model predicting odds of diabetes (undiagnosed and diagnosed) by obesity (timing or 
duration), age, race/ethnicity, education, sex, and parental history of diabetes.  
b
 Timing of obesity was determined using the individuals’ age at the wave of initial obesity classification and 
categorized as: 1) never obese, 2) adolescent obesity ( defined as initial classification of obesity before 18 years of age, 
and 3)adult-onset obesity was defined as obesity onset ≥ 18 years.  
c
 Obesity duration from adolescence to adulthood was based on obesity status at waves II, III, and IV and categorized 
as: 1) never obese, 2) incident obesity (any shift in classification from non-obese to obese), 3) fluctuating obesity (non-
obese at baseline and became and stayed obese), and 4) persistent obesity (obese at all waves).   
d
 Significant effect measure modification by sex.(Wald Test, p<0.15) 
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Table 11. Adjusted odds ratios (95% CIs)a from separate logistic regression models predicting 
prevalent diabetes in young adulthood (wave IV, 2007-2009) as a function of: 1) obesity timing 
and 2) obesity duration, stratified by race/ethnicity, National Longitudinal Study of Adolescent 
Health, waves II-IV (n=8,314)b 
    Whites Blacks 
Obesity Timingce 
Never Obese 0.21 (0.14–0.32) 0.64 (0.43–0.94) 
Adolescent Obesity (<18 years) 1.67 (0.99–2.84) 1.73 (0.96–3.12) 
Adult Onset Obesity (≥ 18 years) Referent Referent 
Obesity Duration (Waves II, III, and IV) de 
Never Obese 0.26 (0.16–0.42) 0.70 (0.45–1.10) 
Fluctuating Obesity 0.67 (0.30–1.51) 0.28 (0.06–1.20)f 
Persistent Obesity 2.39 (1.47–3.88) 1.82 (1.05–3.18) 
Incident Obesity Referent Referent 
a
 Adjusted logistic regression model predicting odds of diabetes (undiagnosed or diagnosed) by 
obesity (timing or duration), age, race/ethnicity, education, sex, and parental history of diabetes.  
b
 Hispanics and Asians are excluded due to small sample size.  
c
 Timing of obesity was determined using the individuals’ age at the wave of initial obesity 
classification and categorized as: 1) never obese, 2) adolescent obesity (defined as initial 
classification of obesity before 18 years of age, and 3)adult obesity was defined as obesity onset ≥ 
18 years. 
d
 Obesity duration from adolescence to adulthood was based on obesity status at waves II, III, and 
IV and categorized as: 1) never obese, 2) incident obesity (any shift in classification from non-
obese to obese), 3) fluctuating obesity (non-obese at baseline and became and stayed obese) , and 
4) persistent obesity (obese at all waves).   
e
 Significant effect measure modification by race/ethnicity (Wald Test, p=0.0001) 
f
 Estimates unstable due to small sample size (<10 individuals in category with diabetes) 
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Figure 5. Prevalence of diabetes in adulthood by A) obesity timing and B)  obesity duration 
from adolescence to adulthood, stratified by race/ethnicity, National Longitudinal Study of 
Adolescent Health (Wave IV, 2007-2009) 
  
 
a
 Timing of obesity was determined using the individuals’ age at the wave of initial obesity 
classification and categorized as: 1) never obese, 2) adolescent obesity (defined as initial 
classification of obesity before 18 years of age, and 3)adult obesity was defined as obesity 
onset ≥ 18 years. 
1%
8%
5%
10%
19%
15%
3%
12%
9%
2%
15%
3%
0%
5%
10%
15%
20%
25%
Never Obese Adolescent Obesity (<18 y) Adult Onset Obesity (≥18 y)P
re
v
al
en
ce
 
o
f D
ia
be
te
s 
in
 
Ad
u
lth
o
o
d 
(%
)
Obesity Timinga
White Black Hispanic Asian
A)
1%
4%
3%
10%10%
13%
4%
22%
3%
7%
4%
17%
2% 2% 2%
13%
0%
5%
10%
15%
20%
25%
Never Obese Incident Obesity Fluctuating Obesity Peristent ObesityP
re
v
al
en
ce
 
o
f D
ia
be
te
s 
in
 
Ad
u
lth
o
o
d 
(%
)
Obesity Durationb
White Black Hispanic Asian
B)
80 
 
b
 Obesity duration from adolescence to adulthood was based on obesity status at waves II, III, 
and IV and categorized as: 1) never obese, 2) incident obesity (any shift in classification from 
non-obese to obese), 3) fluctuating obesity (non-obese at baseline and became and stayed 
obese), and 4) persistent obesity (obese at all waves).   
 
 
  
 
 
 
 
VII. SYNTHESIS 
A. OVERVIEW OF FINDINGS 
Our research utilizes a life course approach to understand the development of obesity.  
Much of our knowledge regarding determinants of obesity has emerged from studies that 
examine how factors relate to disease risk during the same period.  A life course approach is 
essential for understanding whether obesity is the result of cumulative exposure during 
sensitive periods of life that act independently and/or cumulatively, which can elucidate ideal 
periods for interventions.  Given the numerous health consequences of obesity, it is also 
imperative to understand how obesity across the transition from adolescence to adulthood 
influences the development of these co-morbidities in adulthood so that prevention efforts 
can be targeted at appropriate age groups.   
Using a nationally representative, racially/ethnically diverse sample from multiple 
waves of Add Health, our specific aims were to: 1) Examine the association between 
birthweight and later body size using a traditional cohort and a subsample of full-sibling and 
twin pairs; 2) Examine how adolescent obesity relates to risk of severe obesity in adulthood 
and to determine the ages at which risk of incident severe obesity is highest, and; 3) Examine 
the associations between timing and duration of obesity from adolescence to adulthood with 
diabetes in adulthood.  Below, we briefly summarize our findings and provide a synthesis of 
our overall research. 
A STUDY OF THE BIRTHWEIGHT-OBESITY RELATIONSHIP USING A LONGITUDINAL 
COHORT AND SIBLING AND TWIN PAIRS  
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Previous studies have observed positive associations between birthweight and 
childhood and adult obesity, although these findings may be biased due to unmeasured 
confounding factors.  Thus, the factors underlying this association remain unclear, but may 
be attributed to genetic and/or environmental factors.  Sibling and twin study designs provide 
control for confounding factors typically unmeasured in traditional cohort studies.  However, 
results from twin studies have been pre-dominantly Caucasian populations and have yielded 
inconsistent results, warranting the need for additional studies.   
To our knowledge, our study was the first to explicitly examine the birthweight-
obesity relationship in a racially/ethnically diverse cohort and in a subsample of full-siblings 
and twins.  Using this unique data and method, we observed that birthweight is an important 
determinant of adolescent/adulthood obesity with interesting nuances by sex and sibling type.  
Our results suggest that association between birthweight and later obesity may be attributed 
to factors that are shared between siblings.  Future research in this field should examine the 
influence of shared factors, such as socioeconomic status (SES) or genetic factors.  
THE NATURAL HISTORY OF WEIGHT GAIN ACROSS ADOLESCENCE AND INTO ADULTHOOD: 
RISK OF SEVERE OBESITY IN ADULTHOOD 
Although there is research that suggests overweight and obesity persists from 
childhood/adolescence to adulthood, there is no research examining the persistence and 
incidence of severe obesity.  Given that severe obesity prevalence is rising at faster rates than 
moderate obesity and the fact that severe obesity is associated with greater health 
consequences than moderate obesity, understanding which individuals are at higher risk of 
severe obesity is critical for prevention.  Most epidemiologic research on severe obesity has 
come from repeated cross-sectional studies, such as NHANES or BRFSS, which are only 
suited to address secular trends of severe obesity. Thus, our goal was to examine the 
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development of severe obesity, and specifically determine how adolescent obesity relates to 
risk of severe obesity in adulthood, and whether sex and race/ethnicity modifies this 
association.   
We observed that obese adolescents were significantly more likely to develop severe 
obesity by their early 30’s than normal weight or overweight adolescents.  This association 
varied by sex, with adolescent obesity predicting a greater risk of incident severe obesity in 
adulthood for males versus females. However, attenuated results may reflect differences in 
the overall incidence of severe obesity in adulthood, with females experiencing higher 
incidence than males. There were also significant sex differences in the timing of severe 
obesity onset.  Obese adolescent females had the highest rate of incident severe obesity 
during their early adult years (20-24.9 years of age), and the risk of incident severe obesity 
decreased with age.  In contrast, for obese adolescent males, incident obesity risk was similar 
across all of the adult years.  It is possible that sex differences might relate to biological 
factors related to obesity during critical periods of development, such as during pubertal 
maturation. This is an area with great potential for future research.    
Overweight during adolescence also increased risk of severe obesity in adulthood. 
Notably, a substantially higher proportion of overweight black adolescent females became 
severely obese in adulthood than overweight white adolescent females.  Future research is 
needed to understand the factors that predispose black females to higher risk of obesity and 
severe obesity is needed.   
Overall, our results suggest that the transition from adolescence to adulthood is 
associated with a substantial increase in incident severe obesity.  Earlier preventive efforts to 
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decrease obesity during adolescence will likely have positive impact on future risk of severe 
obesity.  
DIABETES IN YOUNG ADULTHOOD: THE NATIONAL LONGITUDINAL STUDY OF 
ADOLESCENT HEALTH 
While the prevalence of diabetes has increased across all age groups, diabetes is still a 
relatively uncommon disease in young adulthood.  It is well known that a large percentage of 
individuals with diabetes remained undiagnosed, which may have substantial public health 
implications. These individuals are untreated and may be at greater risk for future diabetes- 
related complications [159], which are already more common among race/ethnic minorities 
[160]. Thus, one of our objectives was to document the prevalence of diagnosed and 
undiagnosed diabetes by race/ethnicity in a cohort of young adults.  We observed substantial 
race/ethnic disparities in undiagnosed diabetes, affecting 9.6% of blacks and 2.4% of 
Hispanics in comparison to 0.6% of whites.  These findings underscore the need for 
individual awareness of diabetes risk, for access to health care, and for physicians to screen 
for diabetes in at risk populations.   
To determine whether obesity during adolescence influences development for future 
diabetes, our second objective of this study was to determine the association between obesity 
timing and duration with prevalent diabetes in young adulthood.  While adolescent and 
adulthood obesity are positively associated with diabetes, the differential and/or cumulative 
effects of obesity across different life course periods on diabetes are not well understood.   
We found that adolescent obesity (versus adult-onset) obesity and persistent obesity from 
adolescence to young adulthood conferred the greatest likelihood for diabetes in young 
adulthood.  Our findings suggest that, in addition to current obesity, information on timing 
and duration of obesity are needed to fully understand and predict diabetes risk.  Future 
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research should fund the collection of A1C and obesity measurements at multiple periods 
over the life cycle to enable the use of a life course approach.  
B.  STRENGTHS AND LIMITATIONS 
LIMITATIONS 
Since Add Health was not originally designed as an obesity or a diabetes study, some 
of our measures are adequate, but not ideal for our research objectives.   
Anthropometry: Self-reported versus Measured  
Add Health measured height and weight for individuals in waves II-IV and self-
reported height and weight for waves I-IV.   For Aim 1, we chose to use self-reported 
information in order to maximize sample size and have comparable measures across the 
waves.  While measured height and weight would be more ideal, self-report measures have 
been shown to correctly classify obesity in Add Health participants.  Further, the difference 
between self-report height and weight and measure values have been found not to be 
associated with important covariates, suggesting that difference is random.  For Aims 2 and 
3, we used measured height and weight from waves II-IV.  Sensitivity analyses, using self-
reported data, resulted in similar effect sizes suggesting differences in measured versus self-
reported height and weight were not problematic in our research. For Aim 1, our main 
exposure was birth weight, which self-reported by parents. While medical records would 
have provided a more accurate measure, previous research has shown that parental recall of 
birth weight is relatively accurate for 16 years across various socioeconomic statuses; thus, it 
is not likely that our results were biased due to measurement error [103].    
Timing and Duration of Obesity 
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 While we had repeated measures of height and weight, we were unable to determine 
exact age at (severe) obesity onset or the exact duration of obesity.  Given the gap between 
measurements, we know only the age of a given individual at each wave and that the 
individual became (severely) obese before the Wave II survey, became (severely) obese 
between the waves of Add Health, or was not (severely) obese at the time of the Wave IV 
survey.  Further, BMI and obesity classification may have substantially changed between 
waves of data collection, which were not captured.  However, previous research shows a 
persistence of obesity from childhood to adulthood [59, 135], and our data show a low 
proportion of obesity reversal.  
 Although we attempt to determine how obesity timing (during a sensitive period) and 
duration (accumulation of obesity) influences diabetes likelihood in adulthood, these two 
variables may in fact represent a similar concept.  However, we found significant differences 
in how sex modifies the relationship between obesity timing and duration with diabetes.  Sex 
significantly modified the relationship between obesity timing and diabetes (with adolescent 
obesity conferring a greater likelihood of diabetes in females, but not for males), whereas no 
sex differences were observed for the relationship between obesity duration with diabetes.  
Given that females experience greater insulin resistance during pubertal development, our 
results do suggest that potentially these variables, “obesity duration” and “obesity timing” 
represent distinct concepts.   
Using a life course approach in epidemiological studies can highlight the importance 
of risk factors during sensitive periods or through the accumulations of exposure.  While our 
study captures several periods of the life course, we did not have information regarding 
obesity during childhood.  Individuals who were obese in adolescence may have been obese 
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as children, which were not captured.  However, the transition from adolescence to adulthood 
is a high risk period for the development of obesity and is associated with substantial weight 
gain [5]. Ideally, future studies would ascertain measures of adiposity (not just BMI) from 
birth through adulthood.   These data would allow the examination of numerous periods of 
the life course and identify periods and patterns of growth and obesity that may be at higher 
risk for future disease.  Though notably, analysis of life course data remains challenging 
[161]. 
Diabetes versus At High Risk for Diabetes in Young Adulthood 
While diabetes prevalence has increased across all age groups, diabetes remains 
relatively rare in adulthood.  In Add Health, we found a higher prevalence than recent 
findings from NHANES, however, there were still a relatively small proportion of 
individuals with diabetes.  Thus, we were forced to collapse all categories of diabetes, which 
resulted in a heterogeneous group of individuals includes those with type 1 or type 2 
diabetes.  The inclusion of individuals with type 1 diabetes may have attenuated our results, 
although there is increasing evidence suggesting a link between obesity and type 1 diabetes 
[156].  While we were unable to distinguish between type 1 and type 2 diabetes, 
differentiating individuals with each type (or other types of diabetes) is challenging [162].  
Type 1 diabetes is commonly indicated by positive diabetes autoantibodies (DAA), while 
type 2 diabetes is indicated by insulin resistance with insufficient insulin secretion [162].  
However, there are a number of overweight/obese individuals with insulin resistance who 
concomitantly have DAA positivity [163], particularly minorities [164].  Further, there is 
concern about the accuracy of DAA analysis from laboratories [165]. Given these issues, the 
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classification of diabetes type for epidemiologic research is difficult and not unique to this 
study.    
The small number of individuals with diabetes precluded our ability to fully 
interrogate differences in Hispanics and Asians in multivariate analyses, limiting our 
understanding of race/ethnic disparities in diabetes.  However, we were still able to examine 
white – black differences, finding that the effect of obesity on diabetes appears to be 
attenuated in blacks.  Given our interest in race/ethnic disparities and the low prevalence of 
diabetes in younger age groups, future research in this age group should examine at high risk 
for diabetes, which is more prevalent.   
Finally, Add Health only had A1C measurements at wave IV, which precluded our 
ability to examine the effect of obesity onset and duration on incident diabetes.  Ideally, a life 
course approach requires multiple measurements of the variable of interest.  Given the young 
age of our cohort, only one measurement of A1C over the life course is not likely to be a 
major concern.  In our analytic sample, only 59 individuals self-reported having diabetes at 
wave III; excluding these individuals did not change our results.    
Loss to follow-up 
Given the large sample size and length of follow-up in Add Health, loss to follow-up 
was inevitable. By wave IV, Add Health retained 76% of the original sample, which is an 
acceptable follow-up rate [166, 167].  Despite this fact, non-random loss to follow-up may 
have potentially biased our results [168].  While we found no evidence of selection bias using 
IPW models on important factors such as race/ethnicity, age, education, and sex, we cannot 
preclude that our analytic sample differed on other characteristics.   
STRENGTHS 
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 Despite the aforementioned limitations, there are distinct strengths of the current 
work relative to the previous research.  The large, national representative, racial/ethnically 
diverse nature of the Add Health sample is a significant strength of this research.  The over-
sampling of minorities allowed us to examine differences in the development of obesity and 
its impact on diabetes by race/ethnicity. While other national health surveys (such as 
NHANES) include minorities, their minority adolescent and young adult sample are not 
nearly as large or diverse as those from Add Health.  Further, NHANES is simply 
representative of US households, whereas the Add Health sample is designed to be 
representative of adolescents; thus, our results may be more generalizable to adolescent and 
young adult populations.  Additionally, NHANES is a repeated cross-sectional study, which 
only allows the examination of secular trends, rather than the development of diseases. Thus, 
Add Health provides substantial insights regarding the development of obesity and diabetes 
beyond existing national studies.  
The prospective, longitudinal nature of Add Health allowed us to examine the 
dynamic process of growth during the understudied transition from adolescence to young 
adulthood.  Understanding the development of obesity and its effects on diabetes during this 
period of the life course is important because many precursors of adult onset disease emerge 
during this time period and has notable weight gains.  However, this period may be crucial 
for the prevention of disease given that individuals may be in the process of substantial 
changes in lifestyle (e.g. entering college, marriage, work) and behavior.     
In our research we used a unique methodological approach that provides deeper 
insights into understanding the birthweight-obesity relationship.  First, most research in this 
area has examined the effect of birthweight on size at a single point in time.  Our use of 
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longitudinal data allow to examine multiple obesity measurements, which reduces likelihood 
of misclassification and handles missing data, Further, we utilized a within-pairs difference 
approach, which holds all factors related to the mother and pregnancy constant, while our 
cohort approach provides information on unrelated individuals in a large, ethnically diverse 
population.  This unique approach shed light on the complex nature by which environmental 
and genetic factors influence the relationship between birthweight and obesity.    
C. PUBLIC HEALTH SIGNIFICANCE 
As obesity affects 1/3 of Americans, research that utilizes a life course approach is 
needed for understanding how and when to intervene.  Research has chronicled the multi-
factorial nature of obesity and diabetes, noting influences over the entire lifecycle.  However, 
most of our knowledge regarding determinants of these diseases has emerged from studies 
that examine how factors relate to disease risk during the same period, which precludes our 
ability to determine when prevention efforts may be most effective.  While obesity 
prevention should focus on factors throughout the life course, there may be sensitive periods 
for its development.  In particular, this research addresses three periods of the life course: 
gestation, adolescence, and young adulthood.  Our aims of this research were to determine: 
1) the association between birthweight and obesity in adolescence and adulthood; 2) the 
association between adolescent weight and risk of severe obesity in adulthood; and 3) the 
association between obesity timing and duration on diabetes in adulthood.  Understanding 
these relationships and how they vary by race/ethnicity can help identify important periods 
for obesity and diabetes prevention efforts, particularly in race/ethnic minorities. Thus, our 
research has important implications for advancing public health.   
OUR FINDINGS PROVIDE INSIGHTS INTO THE EFFECT OF BIRTHWEIGHT ON LATER SIZE 
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  Disentangling the complex interaction between environmental and genetic factors 
that underlie the association between birthweight and obesity is difficult, especially in 
epidemiologic studies.  We used a unique study design that includes a large 
racially/ethnically, diverse prospective cohort and matched sibling pairs to better understand 
the birthweight-obesity relationship.  Results from our cohort study showed an association 
between birthweight and later obesity in individuals of non-obese mothers only, suggesting 
that genetic factors and/or an obesogenic postnatal environment may be stronger 
determinants of obesity in adolescence and young adulthood than intrauterine factors.  Using 
the matched pairs of siblings, we observed that birthweight difference positively predicted 
BMI difference in later life, only for monozygotic twins.  In contrast, we found no 
association birthweight difference and BMI difference in matched pairs of dizygotic twins, 
male monozygotic twins, and full siblings.  If the observed null associations are accurate, the 
commonly observed positive association between birthweight and obesity may be 
confounded by unmeasured, shared factors (e.g. maternal characteristics), which are 
accounted for using the within-pairs difference method.  Notably, our conclusions may be 
sensitive to our population settings.   
 Understanding the influence of birthweight on obesity (and subsequent co-
morbidities) in racially/ethnically diverse populations has important implications for policy 
and public health interventions.  If birthweight is strongly related to obesity in both the 
cohort study and the matched sibling pairs, obesity prevention efforts should focus factors 
proximally influencing birthweight, such as maternal pre-pregnancy BMI, gestational 
diabetes, and gestational weight gain.  A number of health strategies could be instituted to 
reduce the prevalence high birthweight and thus obesity.  For example, the Institute of 
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Medicine (IOM) has already made recommendations for appropriate gestational weight gain 
to improve birthweight (and other infant outcomes) [169].   Physicians and health care 
organizations should emphasize these guidelines to pregnant women and carefully monitor 
gestational weight gain.  Further, physician and health care organizations should counsel at-
risk women to lower BMI before conception (or prior to efforts to conceive).  Not only do 
these interventions have the potential to reduce high birthweight (via lower pre-pregnancy 
BMI and reduced gestational weight gain), they may also reduce the prevalence of obesity 
for both the mother and child.    
However, in light of the observed null findings in monozygotic male twins, the 
positive findings observed in the full cohort may be independent of genetic factors and 
attributed to confounding by characteristics that are shared between siblings.  While shared 
characteristics may encompass a wide range of factors, one commonly cited factor that may 
underlie this association is SES [46, 47].  SES has been shown to influence childhood growth 
and later adiposity [170].  It is possible that individuals of low SES may not have the 
resources to consume a healthy diet and/or to be physical active in their leisure time during 
pregnancy and the post-natal environment, thus, increasing the child's risk of high 
birthweight and later obesity.  If low SES is a common factor underlying the birthweight- 
obesity relationship, health policies should focus on this at-risk group, which would reduce 
obesity in both the mother and child.    
ADOLESCENT OBESITY CONFERS A GREATER RISK OF SEVERE OBESITY 
 With rapidly increasing rates of childhood/adolescent and adult obesity, 
understanding the extent to which adolescent obesity persists over time and how it differs by 
sex and race/ethnicity is imperative for reducing the burden of obesity.  While previous 
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studies have shown a persistence of obesity from childhood/adolescence to adulthood, there 
have been no studies to our knowledge that examine persistence and development of severe 
obesity.  Our findings indicate that there is strong persistence of severe obesity from 
adolescence to young adulthood.  Further, individuals who were obese as adolescents were 
also significantly more likely to become severely obese in adulthood. 
 Findings from this research highlight the need for primary and secondary prevention 
of severe obesity early in the life course.  In particular, primary prevention efforts should 
focus on the prevention of obesity prior to adolescence, while secondary prevention efforts 
should focus on the identification and treatment of high-risk groups in adolescence, including 
overweight and obese adolescents, particularly black females.    
SUBSTANTIAL RACE/ETHNIC DISPARITIES IN UNDIAGNOSED DIABETES  
The relatively high prevalence of undiagnosed diabetes is alarming, given that these 
individuals may be at greater risk for future complications due to their lack of treatment 
[159]. Approximately, half of all diabetes cases in our cohort of young adults have 
undiagnosed diabetes, compared to 1/5 of the general population [61]. Further, we observed 
substantial race/ethnic disparities in undiagnosed diabetes, with blacks and Hispanics 
disproportionately affected.  These results suggest young adults should have a heightened 
awareness of diabetes risk and suggest the need for increased screening in this age group, 
particularly in at risk groups.   
ADOLESCENT OBESITY AND PERSISTENT OBESITY FROM ADOLESCENCE TO ADULTHOOD 
CONFER A GREATER LIKELIHOOD OF DIABETES IN ADULTHOOD 
While the increasing rate of obesity is a public health concern itself, the co-
morbidities of obesity reiterate the magnitude and urgency of this problem.  Thus, 
understanding the long term consequences of obesity over the life course is of substantial 
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importance.  Although current obesity indicates diabetes risk, history obesity timing and 
duration may provide additional information regarding risk.  Obesity during adolescence may 
be more deleterious for insulin resistance and diabetes than obesity during other periods of 
the life course.  There are notable changes in insulin sensitivity during pubertal development, 
with the adolescent period one of increased insulin resistance [80-82].  We observed 
significantly higher prevalent diabetes in adulthood among females who were obese as 
adolescents compared to those who became obese in adulthood, whereas there was no 
association in males.  Given that females tend to be more insulin resistant during puberty 
than males [80-82], the effect of obesity during adolescence may elicit additional changes in 
insulin metabolism in females relative to males.  Our findings suggest that for females 
obesity during adolescence may be particularly risky for future diabetes risk, which 
underscores the need for obesity prevention prior to adolescence in females. 
In addition to timing of obesity, obesity duration across the life course may provide 
more information about diabetes risk.  Prolonged duration of obesity may result in additional 
metabolic adaptations leading to the development of hyperglycemia and diabetes [84, 92].  In 
our study, individuals with persistent obesity had the greatest likelihood of diabetes in 
adulthood, even compared to individuals with incident obesity. We observed no sex 
differences in the relationship between obesity persistence and diabetes, but significant 
race/ethnic differences.  The likelihood of diabetes in adulthood was stronger in persistently 
obese whites relatively to blacks. While our results suggest an attenuated effect of obesity on 
diabetes in blacks, there is a significantly higher proportion of diabetes (mainly undiagnosed 
diabetes) and obesity in blacks relative to that in whites.  These disparities underscore the 
importance of primary prevention efforts prior to adulthood, particularly in blacks.  Public 
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health interventions should bring greater awareness about diabetes risk and emphasize the 
importance of seeking regular preventative care in blacks.  
D. FUTURE DIRECTIONS 
Several possible extensions to this work could enhance our understanding of the 
development of obesity during the transition to adulthood and identify potential avenues for 
preventing obesity and diabetes.   Additional possible directions that are feasible with the 
current data are summarized below. 
RACE/ETHNIC DISPARITIES IN DIABETES AND AT HIGH RISK FOR DIABETES 
As mentioned above, one major limitation of our research was the relatively small 
number of individuals with diabetes, which precluded us from fully examining race/ethnic 
differences in diabetes.  Given the age of individuals and our interest in race/ethnic 
disparities, the more relevant question is how does timing and duration of obesity affect at 
high risk for diabetes (A1C: 6.0 to <6.5%) and diabetes. The examination of this research 
question in Add Health would provide sufficient power to examine race/ethnic disparities.  
Once Add Health releases A1C data and medication data, I will pursue this analysis.   
DOES PHYSICAL ACTIVITY MODIFY THE RELATIONSHIP BETWEEN OBESITY AND DIABETES 
AND AT HIGH RISK FOR DIABETES? 
 Given that impaired glucose tolerance and/or impaired fasting glucose is more 
common among younger individuals and the fact that the progression from pre-diabetes (at 
high risk for diabetes) can be delayed or prevented with appropriate lifestyle interventions, 
this time period presents a promising avenue for intervention. In particular, higher levels of 
physical activity are associated with a reduction in diabetes risk by 20-30% [171], but this 
relationship may be modified by gender – with a stronger inverse association noted among 
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women as compared to men [172-175].  Race/ethnicity may also be an important modifier of 
this relationship – physical activity lowered diabetes risk among white women, but not 
African-American, Hispanic, or Asian post-menopausal women [176].   
While physical activity is a strong determinant of T2D, the interrelationship between 
obesity and physical activity on the risk of diabetes remain poorly understood. Weinstein and 
colleagues found that inactive, normal weight women were as likely as active, normal weight 
women to develop diabetes; however, active overweight and obese women had a reduced risk 
of developing diabetes as compared to inactive overweight and obese women – with obese, 
inactive women 12 times as likely to develop diabetes than active, normal weight women 
[177]. Similar findings have been reported in other observational studies [178], but data 
explicitly examining the joint effects are limited. Thus, a clearer understanding of the 
combined effect of BMI and physical activity is needed to identify individuals who are at the 
greatest risk of pre-diabetes. Future research should examine how physical activity modifies 
the association between obesity and diabetes in a racially/ethnically diverse population. 
Evidence that physical activity, a modifiable behavior, can mitigate the effects of obesity 
holds tremendous promise for preventing diabetes.   
E. CONCLUSION 
 In conclusion, obesity is a multi-factorial disease that is influenced by factors across 
the entire life course.  Our research has provided important insights into the complex 
relationships underlying the development of obesity and diabetes, and such insights are 
needed to elucidate periods when interventions may be most beneficial.  In particular, our 
research indicates the need to prevent the development of obesity prior to adolescence, 
although it remains unclear whether these interventions should be targeted in early childhood 
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or later childhood.  Future work should identify modifiable factors that reduce the risk for 
obesity, particularly for race/ethnic minorities, and translate these research findings into 
policy and prevention efforts.   
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